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T AT AFEICBT D EONTEEE BN UE Lic, F72, 2024 FREICITZ o8
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IWFILZr BEHOEISVYARBE~DER — EPMA ICKAEESH
DRA —

ALt D *

D) FLER K27 v T ¢ BT SEEeT

NFNFOTNa=g s (Zr) HHRILRERFEERIRS | BRUEISRE S W2 ZRIREOHEIRSFIA S
TW5, ABFZETIE. MILBRKRRICHRESNEET e —T~A 707+ 74 % — (EPMA) Z#HWTLFL
HOME Zr REZNE L, AEE CEEMONNIRENE I DhERR Lz, MEX =M fiTde~TY
FERAFR O 7 v a@HNTF VO Zr &/ BITHK 342~398 ppm T Y, Watsonetal. (2006) OF v U 7 L— 7
Y RUTEES S BRUREE 1T 654~666°C & HH S 417z, Z4UE, Tmayama etal. (2010)IZ & > CTHEE 7= kiR
FE (639+42°C) M —3T 5, Sk, HALEMN Zr HH RIS KITTRE, MhourEEic L5 00 g
OMEWGOBEAE T L, L EREERREHREL BIET TETH S,

1. IIT®IC

SLFIL [TiOIE, TERERPERE R EITIES EEHT 5, VFILDOERDITFZ > (Ti) THDHR, Pla=7An
(Zr*) 13 A A PROBM LN, —HERTIZ 085D, ZOALFAFIZRVIAENDI Y Va=y A
OEFEIT, BEICRKTT S —FH T, EIHEIFMEIZHEA/ NS W ER M5 T3S (Watson et al., 2006;

Ferry & Watson, 2007), 521X, Watson et al. (2006) DF ¥ U 7' L —3 3 2825 < B 220,

T(°C)= {4470/ (7.36-logio(Zrppm)} —273

Thzonsd, ZOXNBIE, SRIZRDIIEEANTFAFOV NI =y AEFRNPEZ D Z ERmARND,
NFNT, TF RN EEGLEARHY, L—F—T T L— g UHEEAS T T X~ ERSNTE (LA-ICP-
MS) IC&k > TEDRNMAELEZRET LT, I —MERERDDL ZENTE S (Zacketal,2011), L7
WoT, NFAHFOI ) a=17 NEENSHEE S HIRE & Ot CTRIT UL, IREE-RER I O HEw A3 AT e
5. NFILRD Zr PFEDOERSESHTIL. W% LA-ICP-MS 2 PiIC L » TIThNn b2, ZOFRETHL—F—%
EERRIR IS IRA U CHUNMEZ BRET 5720, RI—RTNORI—8» 57 7 —RFERERET 2 Z L 1IR
WG anhs, —FH, BT TR—T~vA 70T F T4 — (EPMA) [FEAMICIHEBIEINT CHE720, LT
MO Zr BEZ EEMICHE CEE, TORICE R TOERBEOHEA L AIREL 2D, &2 TAIET

AVE-TIT

HHD 1D KEHEER
SRR e e el o Okm
E)]k?ri;; m-%.-..mumm ‘._—%.@:&PS# &?S ’? e e o fﬂ'ﬁﬁ;”‘ ;g
20 I: _|_ “““ NERERR s o A9y S i — a5
0 LU ] z= [ TTTTTTTT
STD: South Tibetan Detachment Basement
HHD: High Himalaya Discontimuity S
MCT: Main Central Thrust ¢.50km

X1 =k~ TvOHEKX
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1. LR RFICRE S - EPMA 2 W TLF Lo Zr 4
EEHEL, ZOREHN EOREEMRMICENTE 500 % T4
ACRRET L7,

2. UM

b~ 7 YIUfRiZ, #5000 FHERTNCA > FREEE T 27 KERO
B2 X o Tk S 7= iR 70 KEEEZEH CTh 5, MBH R/ N—
LTI, WETE TH 2 FEH R LIEE  (Main Central Thrust:
MCT) &, EWiBCTHLIMT Xy hT 4 vF A 8 (South
Tibetan Detachment System: STDS) DIFEHNZ L V| WAL E D
LRLBMEYTVYHENER LLEZEZLNATWD (1), AKAF
ZEHIR DAL AR ) —IR P Stk D22 5341 1%. Imayama et al. i 1

(2010) 12 X o TEEAMITIRIT S LTV 5, TS OFERIZ L 2 #HEFHI205 OV o GO LTF L
T, MCT il LU b~ 7 YO RKIRE L, MCT #5705
e~ T VRIS T TSGR OIS 23 o TR 570°C 6 740°C~ LA L, Bk~ 7 YA LTl 710~
810°C D& TITIFEIR M 2B ARt 2~ 3 (Imayama et al., 2010), —77. ZRE 1T MCT [ L TR KK 11 kbar
IZEL, £0%, @b~ 7 vH BTl 5~6kbar £ TIK T3 %,

ABFZE T WA AR HI205 13, MCT B RISALES 297 n o s Th . Bl 7 oa, BE
B, AER, RO, REOBLOOENOHEREND, V7 o aidbtkERs (F—7 v 772N & LTHE
L. Mn 327 6 U Ao TR T 2 B O RS2~ 7, miEEx, BERBIOCAEROMEN
MIZ L > TEFHR I D, Average P-T FHRIEIZ X o THEE S 72 BT —IRBEE SR, 9 10.6 kbar 35 LY
639+42°C Td 5 (Imayamaetal, 2010), £72. P DERY DT T —8ENRD D ZBREERIZTH )
HLEHEEIN TS (Imayama et al., 2012),

3. VF AL ST

TR — 7 DI E 2 HEE T B 72012, BAaE H1205 OY 7 o F 2okt s Lz (M2), 4
BrafkEhd, RiEE 1 um OF A ¥EL RS—R N CHIE LToth, HEREEBELZ AW URBRELZK LT, VT
NOALFFAR AT, LR R R A v 4 —ICBE S BT T u—T~A 7 a7+ 74— (EPMA;
JEOL JXA-8230) % FHWTCHEN L7,

T DA HTFER A 1127, TiO2E 99.80~100.46 wt%, SiO2l% 0.02~0.04 wt%, FeO 1% 0.63~0.69
Wt%, ZrO2l% 0.05~0.062 wt% TH > 72, Zr BE % ppm ([CHET 5 & £ 342~398 ppm ([ZFAY T 5,

4. HEEERRIRE LB

EFE Watson et al. (2006) OF ¥ U 7 L—a VR ERAWT, BRIBEEZHEET 2 &, K 654~666°C & HEH
ENd, ThHOERIBEL, SR EEN DT SND ANEHERER SN TH D, F-,
Imayama et al. (2010) (ZX > CHEE SNTEAKE— 7 IRE (639+42°C) LEOFHANT KT D, 2D &
. VTV =T NREGHT & HEIREFH OFMEEZ RET 5,

NFNDPNa= MNEEHDEINAERT A0, VFARD L ar &AL nkEicdh 5 2 &
ZRMHEE LTWD, AR TR, Drar b aqiadFE LT .. Zo&MImMZ L T\W5, EHORE
1. BB NS VN, 1 kbar OFEE T Tld, P a=7 20BN AR ICIfl S, HEEEENE T L
RHMEMMBH D H LILR,

ANAFTA N EOIEFWHRHETET DL, DV amy bxBHaiciiAtEaRHby, v FLrovLa=
T NP 5.2 DATREMEN B D, WFEREICIZ, A TFAD—EBIE. AL ATFA MBI ZTWAHEN
HHR, ZIUTEAO LR (FERBIER) ICBEZKGTH Y, BRE— 7RO T LT FEL Tz L
E 21T,

5. SR OB & RE
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F1 AFroftZHK
Rt1-6 Rt1-2 Rt1-3
(wt. %)
MgO 0.00 0.00 0.00
NazO 0.00 0.00 0.00
AlO3 0.14 0.13 0.07
810, 0.04 0.04 0.02
K0 0.00 0.00 0.00
CaO 0.00 0.00 0.00
TiOg 99.80 9948 100.46
MnO 0.01 0.02 0.02
7102 0.05 0.061 0.062
FeO (total) 0.69 0.65 0.63
Total 100.72 100.38 101.25
Mg 0.000 0.000 0.000
Na 0.000 0.000 0.000
Al 0.002 0.002 0.001
S1 0.000 0.000 0.000
K 0.000 0.000 0.000
Ca 0.000 0.000 0.000
Ti 0.994 0.994 0.995
Mn 0.000 0.000 0.000
Fe (total) 0.008 0.007 0.007
Sum (cations) 1.004 1.004 1.004
Zr (ppm) 342 395 398

51 FSCHR

AWFIE T, B — 7 OREEZHEET 729
W2, W7 e aRicufl SN FUER L TOh %
fTolzs UL, EHOLF AR, A VAT A BT
B SN VTFIVOfET - Y . ZRBR ORI
A CchreEZLND, £, EHT LHEIREH
DX v VT L—3 g RUT L o THEEIREN R/ 5 =
ERHBENTWD T, EOREOMENEL D0 E
R 2 MERH D,

AR Ze-in-rutile IBEFHO X 912, H—7HED
WEDBIREZHEET D FikiL, 2R EHIAES I
WHTEDEWHRERH D, —FF T, ZOHEMNE
ENDEAORETFA B2 E, HEREE & ek
EEE) WX o T Zr IBENEEE T D RN
W, ZO, EEOMEEREF O L, MEREM
HIZHGEET D Z EDNEE LYV,

EPMA Z3#T DFEEE 2 Al 2 72 dI2id, [l —70k -
[Al—J7E #1 % LA-ICP-MS C/r#r L. 532 elichst
THZELEETHD, IHIZ, BAOZr BEEZD
OFELTFLVREZ R L, EEOX Y VT L—r g
VEATHZET, FeRSiREORHMMIZ LD~ MY
v 7 AGREMEL, WEHREZ M TE 2 L HIFS
o, MR T, Wit QBRI E— L8870 L)
DFGEAIZ Lo THRIBBRZ M ExEb 2 LnTEhn
. ATEOBARGEIZE SICIERT 57259,

Ferry, J. M. & Watson, E. B. (2007). New thermodynamic models and revised calibrations for the Ti-in-zircon and Zr-in-

rutile thermometers. Contributions to Mineralogy and Petrology 154, 429-437.

Imayama, T., Takeshita, T. & Arita, K. (2010). Metamorphic P-T profile and P-T path discontinuity across the far-eastern

Nepal Himalaya: investigation of channel flow models. Journal of Metamorphic Geology 28, 527-549.
Imayama, T., Takeshita, T., Yi, K., Cho, D.-L., Kitajima, K., Tsutsumi, Y., Kayama, M., Nishido, H., Okumura, T., Yagi,
K., Itaya, T. & Sano, Y. (2012). Two-stage partial melting and contrasting cooling history within the Higher Himalayan

Crystalline Sequence in the far-eastern Nepal Himalaya. Lithos 134-135, 1-22.
Watson, E. B., Wark, D. A. & Thomas, J. B. (2006). Crystallization thermometers for zircon and rutile. Contributions to
Mineralogy and Petrology 151, 413-433.
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Application of the Zr-in-Rutile thermometer to Himalayan

gneisses: A preliminary evaluation using EPMA

Takeshi IMAYAMAD *

1) Institute of Frontier Science and Technology, Okayama University of Science,

1-1 Ridai-cho, Kita-ku, Okayama, 700-0005, Japan

The zirconium (Zr) content in rutile is highly temperature-dependent and serves as a useful
geothermometer for estimating metamorphic temperatures recorded in metamorphic rocks. In this
study, we analyzed trace amounts of Zr in rutile using an electron probe microanalyzer (EPMA)
installed at Okayama University of Science, in order to evaluate whether quantitative analysis of Zr
can be achieved with this instrument. Rutile grains included in garnet from Himalayan gneisses
collected in eastern Nepal were examined. The analyzed rutile shows Zr contents ranging from
approximately 342 to 398 ppm. Metamorphic temperatures calculated using the calibration of Watson
et al. (2006) yield values of about 654-666°C, which are broadly consistent with the temperature of
639+42°C estimated from conventional thermobarometric calculations (Imayama et al., 2010). These
results demonstrate the potential applicability of EPMA-based Zr-in-rutile thermometry to high-grade
metamorphic rocks. Future work will focus on improving analytical precision and temperature
estimation by examining the influence of bulk-rock chemistry on Zr incorporation, as well as by
employing analytical comparisons and standard mineral materials for calibration.

Keywords: rutile; zirconium; EPMA
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BMUBORLGDAII=ZLIYCTPIVAR—Y—%2EALE
6-BRANNYV—ILEBRRKERSFOEREEE EFRHNHE

=== = SR T o B R Rl = I G Sy
1R R B T2 7 R AR 0
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1. B

AN =)L (Cz) = MX, FHEIrOMIERHEEEZA L, (LENICRE CE GO RV ERE
L& LTHBNTND. ZOENTZEFHRMEND, ARABEMSEREL (FEELF A4 —F) 2RED
T L7 o= 25BICBWT, FFP—EMe LTELFHENTWS. BT, IANRNY — L&D
LEN ETH54Y T~—1F, AEERDE LT o ORAFZOFBENL A A —F, AHEKEERR E O
TANAAMELE LTI ENTWD. T, 36-(ICEBIELZEAN L2 VLAY — LFEERSA Y Iv—I(3,
360 COREBETHERBRIIEDES THH b, SHRETHEEZ L OLAEDREE L THEINICHFZE
BIThit T\ aH,

— 5, AR THETHI 7= L T I VIR VB VRIZ2ZODT I VREASRE2 =y FTHD.
FENOEMOIRLCHEFE LAY 7=V 0%, EEEESTORERE LTHLRTWS (Figure 1a) Pl R
U7 =0 U EF OBERRMREBFHIMEEICLY, AEVEEMBCEST L 7 ha =7 AME~OIE AN
MHERRICRF SN TWD. FICBRLREEZHIET 5 2 L T, st REeRICETNERELL, FVIALD
FAH L TRERT DI ENRARETHD. ZOFRBAELLIZEBEWMOREMT, 7=V VFHEOENET
bk & IR o Tendb R ICHE L TR Y, BLETEEMEE LTOREHR STV .

ﬁh:jm(jml: i?

Polyaniline$8 N
MeO OMe
N N N
MeO OMe

MeO OMe
N
RN/©\NR RN—@—NR © © O‘O
© © N N N N
RN\©/NR RN_@_NR /©/ \©/ \©\ Me0/©/ \©\0Me
Tetraza-m,p,m,p-cyclophane
Tetraza[14]metacyclophane Tetraza[14]paracyclophane © A
n

OMe
Figure l. WY T =V v OEE 77 a7 7 VO

SHIT, TOXIAAMIEBERE D FOREZH L TERRBEICT 5L T, IVRRRETHESCAY

VIRREE RS TV u Ty VEPBHRE SN TS (Figure 1b) Bl ZOREFTHET NI TV ra T
7 U, BEOT =Y VEAE A ZNORNTALTHEE LTZERRS T TH Y, @m0kt ERE & adh ik R OIERBTE
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fLEHRRAMATND. ZOLI DT T, BERICOED A VEEOSACHEFANEE LY, &
AV LEEDOEKIRELRT ZENARETH Y, AERBEERSS ALY ha =7 2A~0iE T 72 3%
FESI L LTIER SR TW M,

FexZINETIE, DAY —ba=y bL910-Tr M Lra=y haGLT FIT7H v run77 08B
Tz 7 o=V BERE (1p) 268 L, 2R b oB{bREICE T 2B THMEZH L2 LTEBL 9,10-
BT M) L=y FOSERICED T OONADF AL TIE, 9,10-0T7 27 U L UERALD
m»mﬁewwﬂ/aw%uwumm«@ TTNEMBE (CT) HAERABEZ > T2 EE2HLML

., Ip TR I N ST SR OCTHAEERN RS S, MERMICESEWT v R L=y hRER

MBIZRESEET I LB LN L.

FITARMETHE, RELEANT 7= U7 I TS LI ANy — VEBRIR G F1p & FiT, BN
V== MEOKEHEA LV IEHSELZEE2HENELT, ANV MRAFBEBR LT ==L T IVHE
BAN—Y— L LCHALLHBHEERZRERS T2HE - Gl L. A=Y —DEGMEBEOENICLD
EFHE L ORERBEZHA SN LD T TICHRET S (Figure 2) .

OMe

Meo@ QOMe Mw@N N Qm MeOON N OOM

9 b b po Do
o SO0 T W T O

.

OMe OMe

OMe 1o 1p

1m

Figure 2. /LY — )L & flA0A A T2 B LS P01 DA IS 0

2. WEREEE

2—1 B

BERND3,6-Y 7 0 AN — VEEERIICKI LT, MIGTAHAN N T 2= L DT I VHEEREIIA Y
7 x= L TT X UHERE OBuchwald-HartwigZ B A v 7 U 7N k0, HLE®Y lobimZz Zn 2
NEGEARE L TAEM L7 (Scheme 1, IF10: 34%, Im:29 %) . ZH 6 OLAEWIE, 'HNMRE L O'MALDI-
TOF MS A7 FUIZ X & & [FE L7z,

MeO
= TQ
NH

12 mol% Pd(*-Bu;P),
=z t
+ - | 3.0 eq. NaO'-Bu -~ 10 (Y. 34%)
N /\ Toluene 1m (Y. 19%)
/©/NH reflux 1p (Y. 29%)
Br 3 Br MeO 24h

Scheme 1. Buchwald-HartwigZ @ 2 1 » 7'V > 7 & W2 BRI G 1D 5 Rk

2—2 1
b A AT I U 7 AR S OB 2 BRI L D BRA TN, 1o & 1p [TV T o7 B OfE ik = 15
TEBRTERDSTZ. 207D, DFTHEIZE D Zh b 05 FiEE DKL Z 1T 5 72. B3LYP/6-31G(d) L'~
JVCODFT #HEIC I V&Nl Lg% Figure 3 127,
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{LEW10lx, 22D I NNV —Lz=v § (Cz) BAIPNEY, FORMUIZT ==L U RNE#EL TS
alternateffif 2 A L T 7o, BRAEE IR L TRt BIZALE LTV 2 v Ry — Ll sk 0 2 38 57 o BRBE IS
578 ATH-o7=. —JF, {LEWIpTIL 2 2D Cz 2=y RO TNCEHEICR DL IICHEL, T T x2=
Lra=y MEIZALICs L TRIEERE (K97°) ThoTz. 2D &b, MAMBOEWVRYTF DR LN
ERLOZEHREICHEE B L 525 2 LRI 6L

Figure 3. DFTRHAIZ & DAL AW loD (LIS (B3LYP/6-31G(d) L-~b)

—J7, ALEMIMIT B RN D ERERT D 2 CREZREERESD Z LITRII L, X s g
WaIT5 2 LN T (Figured) . TOFEE, 29200 Cz 2=y MIFIFR—FHE Licfi@L, 7==L v
=y NI FMA~AL LIICEBINL TV, Zhick Y, T2 TxmtEom  BRREE 2Bk L T
WD ZERHERINZ. —J, BHLOKEIE, Cz MEOERFEHEMN104A, 225007 =1L AR
— Y —DRFEMEEENENLDIXTIATH -2,

= OORTEPE ¥ | Side View (B#HEER <)

Figure 4. X#ig d il G AT IZ L0 B 522 L7 AL B ImD 5y 1A i

2—3 VATV IHRNVEETT A

LAY DOEELEN 2T D722, n-BuNPFeE ERE & LTI X 7ZCH,CLIEEF TOY A 7 U v 7KL
LA MY —%JE LT (Figure 5 & Table 1) . {bLEW10L 1pD AN ZE T T NI AT 7R4BMEORE{LIE & L
TEEINT., —F, {LEWIm TR W7 B OB LIS SN, F BB ME LRSS L, 1p
DB ENCT T2, IAAY —LET 2= L ORI THRETHH TS LR L
SHHELTWAHRZ EICERLIZEEZ LN D.
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I 40pA 1p
i /\/‘\
Im
1o
2 1.5 1 0.5 0 0.5 -1

Potential /V(vs.Fc/Fc*)

Figure 5. {b&#10 (FR#E) ,1m (FiH) ,1p (BH) OFA 27V v IRV ZET T A

Table 1. L&MW1 DEALEN

compound Eox1 Eox; Eo; Eox4

1p -0.19 -0.08 +0.30 +0.45
1m +0.03 +0.18 +0.38 +0.48
1o -0.04 +0.21 +0.51 +0.71

Measured in 0.5mM CH,Cl, solution containing 0.1 M n-BusNPF¢ (scan rate 100 mV/s).

2—4 WEFAXT ML

EHNLE OBEAITFE D B REDOENEZH LN T 5720, FALEMORIN AT M VR NE AL b
JLEBIE Lz (Figure 6) . &TOAEMIZHONWT, Yr7uou A X UEiKE (1.5x105M) FCTHIEEIT-
7.

WL A7 R BT D EREMOBKRINEEE, 1o X OCImTiE414 nmlZBHI S, —J7, 1pTiE
25 amIZBHl SN, TNy — o=y bEASTATHEET S 2L T HERBILE L Z LTk
WTBLEZLND. HEART FLIZBWT, lod ImDEEHE 23442 L 447 nm ([ZERI S, 1pTIX
474 nm & B RWERICBI STz, Stokes 7 MERATS D L1phf b REL 22D, FEIRETOMEL L
BRENLOETHREND. iz, TXTOLEHOENEFIERITEI -T2,

12 -

10 A

10UV gz

T o —uv |
y —imuv | §
P 6 - —eee10FL o
g lo E
:l 4 ===-1pFL g
] PN --=imfL | E
w L Ss <

2 4 A RS

*$ \\\
N ~<
0 T T T IN_—_~I “““ T
300 350 400 450 500 550 600 650

Wavelength (nm)

Figure 6. {LEMIDORIL A7 bv (FEfE) LHIEARZ M (#R)  (CHCLIRIR) .
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Table 2. (LEWIDET AT LT —H (CH.CLIAIK)

Compounds Zmax/nm (&) Jem/nm(Pr) Stokes Shift/nm
1o 314 (86900), 414 (4200) 442 (0.09) 28
1m 310 (69300), 414 (4200) 447 (0.14) 33
1p 321 (69300), 425 (3300) 474 (0.08) 49
3. #EW

3,6-T IR — VBB DBWNEDO 7 2= U7 2 =y FCERE L2 BRI A %1% Buchwald-
HartwigZ B A5 v 7 U v 72 HWT, TRENGE L. LEYWImO B EZ B o nb BT 52
ETHR LN, XREAREERIT 21T 72, (LAEWImOEIEIL, 2D /Y — U3 EmIC L E
L, Zz=LUBRBAKANCR D L9, Wb b Alternate B ITELE SN TW =, IR AT R LIZBWT,
B R BITER R G W10, Im & HI2414 nmIZBUI 7=, L L7222 D EIRILE W 1p D Fe RIS s
25am~EREEV T P LTWeZ Enb, SIMTH Y 7Y 7452 LIk 0 3o ERIIEO BRI TR
Nz P ATV VRN EET T AOFRERENS B RIBEOMHE A2 A 57z,

oL IbEMEORIRIC LY, BETEERERILEMDA T HHRENEEL S S ML, EFEEEA
TS RN OF T2 D HERE A B S H L T & 720,

4. EER
4—1 HEELOHK

NMRAZ kv, HAREFFINM-ECS400 & INM-ECZ400S ('H: 400 MHz, *C: 100 MHz)% W CHllE L
7=, EOMREEE BT, 7L —4f autoflex speed TOF/TOF (MALDI-TOF#%) & A A4t MStation-700 A
R haA—F— (FABIEWC LV JIE LT, F =X EAENT I, Rigaku VariMax with SaturnZ VTl
E L. 2D QBTN LUEA KRR AR 4 —ICREBEINTEY, T XTOF — X iffr 2 K% T
o7, WU AT BIVITHITACHIAEU-3000C, Y6 A L7 hbid B AL EFP-6500 CZ L] cmD A& )L
EFRIALCY 7 nn A2 o CHIE Lz, AT MVERIET D8I, BIEAAr S A TART Y 7 LT,
L7z, 427 0 v 7 RVEET T AE, ALSHERILFET 7 A ¥ —Model 610AIZ LV AIE L. EH
BWNL T T v —h—Ry, BREMITAg/AgCIEM, *HMEMIZITIASRE AW, BME L L T0.1 M-
BwNPFZ AT, U7 mm A& ikt cllE L.

TRTCOREEIHRHZANTEY, Fca x> b LARWRY IIEBERIEEEIT> T, 1T A7u~
N7 4 —1E, BTV T U BV (NH, 70-100 mesh)iZ & ¥ 3 BERERL 24T > 7=,

4—2 ARk

fEEoD G RFNEZ L FIZRT. (LAWImE1pD &AL, RO FIETITo 7.

A L2V A e — MO T T 2 3(23,6-V 7 1 E ALY —/12 (270 mg, 624 pmol), o-7 ==L
U7 2 UFHEIR3 (200 mg, 624 pmol, 1.0 eq), NaO‘Bu(180 mg, 1.87 mmol, 3.0 eq), Pd(‘BusP); (38.94 mg, 76.19
umol, 12 mol%)% A1, AL 7ztoluene (10 mL)& N X T, 24K OINBGEIREZIT 7. KIS T, =HiRE
THRH LT, NEME T AT T 2B L CIREE R L. BIEIZK (50mL) %% T, CHyCly (100 mLx3)
THILEE L., AL TN TREG L, #KNaSO, THE, A@L, BWEAHELL. BV 170
BT L7 wva~ k27T 7 4 —(NH) (hexane: CH,Cl, =3: )& 1T 7=.

lo: Yield 33%; m.p.249.0-253.3°C (decomp.); '"H NMR (400 MHz, C¢Dg): 6 3.20 (s, 6H), 3.29 (s, 12H), 6.61 (m, J =
9.2 Hz, 4H), 6.74* (m, 4H), 6.77 (m, J = 10 Hz, 12H), 7.01 (s, 12H), 7.30 (m, J= 8 Hz, 4H), 8.30 (s, 4H); '*C{'H} NMR
(100 MHz, C¢D¢): J 54.9, 55.0, 109.9, 113.5, 114.4, 114.9, 122.5, 123.8, 124.8, 125.8, 129.2, 131.0, 138.2, 141.9, 142.3,
143.8, 156.0, 158.7 (IARJ&); HRMS-FAB: m/z [M]* caled for C7sHsNeOs: 1178.4731; found: 1178.4733.
(*CDs & 1mD > 7T IV NEIR > TN D728, IEMER Y 7T IVONERCIENTHERE TE TV 7))

1m: Yield 19%; m.p. 252.8-254.6°C; "H NMR (CsDs, 400 MHz) § 3.28 (s, 6H), 3.28 (s, 12H), 6.69 (d, J=9.2 Hz,
8H), 6.70 (d, J= 8.4Hz, 4H), 6.95* (d, 4H), 7.00* (d, 4H), 7.13* (d+t, 6H), 7.19* (d, 8H), 7.32 (s, 2H), 7.35(d, J= 2.4
Hz, 4H), 7.17(s, 4H); MS (MALDI-TOF): m/z [M]+ calcd for C7sHgNgOs: 1178.4731; found: 1178.5576.
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(*CeDe E 1MD ¥ T F VBB > TN DT, TEfER T 7TV ONESCHENFHER TE TV, H-HCOSY#%
AnEifizb sic7o b BERHLE. )

1pBl: Yield 29%; m.p. 265.0-268.0°C; "H NMR (Aceton-d°, 400 MHz) § 3.77 (s, 12H), 3.92 (s, 6H), 6.87 (d, J= 9.2 Hz,
8H), 6.95 (s, 8H), 7.08 (t, J = 8.8 Hz, 12H), 7.21 (d, J = 7.2, 8H), 7.51 (d, J = 8.8 Hz, 4H), 7.87 (s, 4H); 3C{I1H} NMR
(CeéDg, 100 MHz) 6 54.31, 110.42, 114.39, 114.62, 116.49, 122.30, 123.94, 124.59, 125.96, 128.12, 130.15, 138.23,
141.63, 141.85,143.26, 155.30, 1580.42 (1A 4 &); HRMS-FAB: m/z [M]" calcd for C7sHsaNsOs: 1178.4731; found:
1178.4712.

4 — 3 XS AR

1m® [ 475 — # [ZRigaku Varimax with Saturn CCDI[REIHT# TUNE L, Mo Koft (L =0.71073A) Z#H\\C, &K
20fE55.0°F THIE L7=. T 7 MiE, Yadokari-XG 2009 program% i i U7=. #i&(XE#27% (SHELXS-97)
TEAT L, =0%, £175K/N %k (SHELXL-97) TH#E L.

1m: Formula Cj02HesNeOs, F. W. 1473.62, crystal size 0.20 x 0.20 x 0.02 mm?, triclinic, space group Pl #2), a =

10.294(7), b = 11.157(8), ¢ = 18.143(13) A, a = 85.38(3), # = 79.78(3), y = 78.09(3)°, V' = 2004(2) A%, Z = 1, Degre =
1.221 g em™, (Mo Ka) = 0.76 em™!, T = 113 K, Number of data 31893, Number of data used 9095 (I>2.05(1)), R1 =
0.1163, wR2 =0.3599, GOF 1.013.

SE XM

[1]a) V. Sebastian, D. Theresa, C. Harald. H. Marco, L. Christoph, Polymer J. 2014, 52, 890-911. b) Long-Jia Zeng, Gang Liu, Bin
Zhang, Junneng Chen, Yu Chen, En-Tang Kang, Polymer Journal. 2012, 44, 257.

[2]7J. Epstein, J. M. Ginder, F. Zuo, H.-S. Woo, D. B. Tanner, A. F. Richter, M. Angelopoulos, W. S. Huang, and A. G. MacDiarmid,
Synth. Met. 1987, 21, 63.

[3]a) A. Ito, Y. Ono, K. Tanaka, J. Org. Chem. 1999, 64, 8236. b) A. Ito, Y. Yokoyama, R. Aihara, K. Fukui, S. Eguchi, K. Shizu,
T. Sato, K. Tanaka, Angew. Chem. Int. Ed. 2010, 49, 8205. ¢) S. I. Hauck, K. V. lakshmi, J. F. Hartwig, Org. Lett. 1999, 1, 2057.
[4] a) D. Sakamaki, A. Ito, Y. Tsutsui, S. Seki, J. Org. Chem. 2017, 82, 13348. b) T. D. Selby, S. C. Blackstock, Org. Lett. 1999, 1,
2053. ¢) R. Kurata, D. Sakamaki, M. Ueba, M. Kinoshita, T. Iwanaga, T. Matsumoto, A. Ito, Org. Lett. 2017, 19,4371.d) Y.
Yamamoto, K. Wakamatsu, T. Iwanaga, H. Sato, S. Toyota, Chem. Asian J. 2016, 11, 1370.

[5] T. Iwanaga, T. Yamauchi, S. Suzuki, K. Okada, J. Org. Chem. 2017, 82, 10699.

[6] P. Ruiz-Castillo, S. L. Buchwald, Chem. Rev. 2016, 116, 12564.
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Synthesis and electronic properties on oxidized states of
3,6-substituted carbazole-based macrocycles with

phenylenediamine spacers of different connectivity

Kaede Kocho,' Ami Ozaki,> Tomokazu Yamauchi,? and Tetsuo Iwanaga*!-

1 Graduate School of Science and Engineering, Okayama University of Science
2 Department of Chemistry, Faculty of Science, Okayama University of Science,
1-1 Ridai-cho, Kita-ku, Okayama 700-0005, Japan

Three macrocyclic compounds (10, 1m, and 1p) consisting of 3,6-substituted carbazole units connected
by phenylenediamine linkers with different substitution positions were synthesized via Buchwald—Hartwig
cross-coupling reactions. Single crystals suitable for X-ray diffraction were obtained for compound 1m by
recrystallization from benzene, allowing its molecular structure to be elucidated. The X-ray analysis revealed
that two carbazole units lie nearly on the same plane, while the phenylene groups adopt an alternating
orientation. The UV—vis absorption spectra of 1o and 1m showed identical absorption maxima at 414 nm,
whereas compound 1p exhibited a red-shifted maximum at 425 nm. This bathochromic shift indicates that
para-linkage between the phenylene and carbazole units enhances m-conjugation across the macrocyclic
framework. These results demonstrate that the electronic structure of carbazole-based azacyclophanes can be
finely tuned by controlling the connectivity of the phenylenediamine spacers.

The development of such electron-rich macrocycles provides valuable insights into the design of =-
conjugated systems incorporating nitrogen atoms, offering potential for future applications in functional
electronic and optical materials.

Keywords: azacyclophane; absorption spectrum; molecular structure; cyclic voltammogram.
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T7I)V—ILT7EFY) FIZED (E) ALKV ITFUODIKRREERIZE
BEFALEQ-T oAV DOERERESFTIL P

PRARE K - P Ot - RAHE - ke Al - IR - B mur -

% %k .
CHRENAS - AR B - SEPEAL - B
] L BB K T e A AL 2 F
*[F LR R RF 7 v T 0 7 LR T
ki | L BB K 2 B AL R

W ¥

1 s
AHFECIE, SFRIEO KI T L > & FUEE & 3 2 = Be BSOS I (DA DOBRE REE
B LT, AL, @ 1./PhS0sNa (2L 5 I — RAR LK =11k, @ Sonogashira*Hagihara BT T
WCEDTAFEAL @ 7TV —ATEFY RICKDREMAM-BEER R SR EN D, FFiZ, (E)-ALK
SN T KT B REBRIS SRR R R - THEIT L, BIRWIC O-=0 A 25252 L &X#
ﬁ‘*a%’f%iitﬁ@ffﬁ’ DS M LT,
GO (O)-Z VA VIFERRER L OEERIREON T TREEZRL, V7 2= T I ERE T
%fi VAR RTNFa e I XA SN, BEEE MU BT E = R AANETT L L, BHG
EH AN EA~SRKRES B LT,

2—1 B

T, TV I RMEIE LTHER SN TEBY, HICEEBGTERT A TIREEFER L
(AIE) R° EHHN 72 EOBBROEMERHRE SN TS, %?ﬁ%@s@?ﬁ@@ki@ CEAED NGIE AR
KRR RELS BT HZERMOENTNDE—HT, ZLDFAE, AL 7 4 VENIZIIT D cis-trans B
LN | HOEEFICER 44 _ﬁﬁbfxb‘kb‘ﬁuﬁﬁ_#fﬁ‘?‘éo

()~ A DFEREE LTI, Sonogashira By 7Y v F | ANEFXFY RRANLELT I REFIHL
e, VoAb EmE Wi B F = bRIG, 26 NCEBRS B 2 W=7 v Z8b RS £
NRESNTWD, LLAERL, ZEHEA T DA 2 A BB IR A IR RE 2o 8T & Rk ik D BR %

PR E L TRDLEN TN D Ar——=— A2 A
TR TIE, T *‘/1/7/1/3%‘/% rhSOZNa, 1 =1 \
IR R & U 72 B BE RO AR HR 1T =50 A [Pd, Cu] "L _
T E VS %Lff*bt]\)%?ﬁ @-= | sepd  step2 sep3  ad 2 -
YUA L DOENERIEZREF LTz, &5 || Phso,Na, A ’/PhSOz
ITL RRIC ALE B 2 B TkE o e | "2 A=\ Ar2 A
W E AT 5 2 LT, NS £ UH Rk NRNCTN a=1u_\
By e S o MmEn | a0 o g
?a Lic, £, GPMER X 0ERD o Sonogashira-
L Hagihara coupling _J

UV-vis WlLds K OFEERPEZ AT L, 47 1
i &Rt & OB EZ BT

2—2

THZEEAMLE L,
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KT V=T XK LT 1. B
R BUALT BT ) Oz
723 — FALF =WV EIT -T2 2 A,
KPEETIZEBWNT  (E) KD @ WO LR IR
PR LU (k870 THLNZ, ATk
WEBREEZ BT L2 HREICHHEARETHY

CN BB LW CF: EHAK L BIFIZARK
T&E7,

—F ALK RIY RERWEEHLET
X D) -ERoAER LRI, ICRITK
Molz, TNHDOREERNDS ., ARG IR IS

I (1.5 equiv) —
PhSO;,Na (dihydrate) SO,Ph
R < > — (2.0 equiv) (E)3
water
R=H1a i, 16 h R R=H(E)}-3a87%
CN 1b CN (E)-3b 65%*
*With dehydrate PhSO,Na in 1,4-dioxane
(b)
PhSO,NHNH,
(1.2 equiv) | SO,Ph
BPO (0.5 equiv) —
= Cul (1.0 equiv)
1a DMSO (2)-3a 34%
rt, 48 h

HC &Y E/Z BIRMENEALT D Z &R ENT,

2—-3

Wi, HREMIE 3 oa vRMAEF AL,
Sonogashira-Hagihara H v 7 U v 72k » T
E_DT VX HEBANL, ANVF= VA
4 ZE LT,

(E)-3a L A&MERMT V¥ % Pd/Cu filtfiide
HrICTREEEREZ A, EIE (BK91%) T
(E)-4 D5 baic, Bifdh X SMEEMITc Ly
E BENHERINTZ, £, niRET VX2
B G - BRSIEERE LA T2 REIC
LEHAFEETH Y . ARG O— BN R ST,

BLIRVRVNZ & 1T, (D) -3a & H WA 1T
JEFIZ Z—E BT L. EAERYE LT
E) 3G DTz, T OZTIL, BRbHIAHIN
BIZBT DB EOEZL D bDEEZDL
nas,

2 — 4 Synthesis of Enediyne 2 via
Nucleophilic Addition-Elimination (R#Z{Fh0
-BEEIC XDV A 2 DARK)

KEBEIAMIEOKLTHY, ALF=)L=
YAy 4 WV TFULATETY REEHESES
ZETRARAKR=VEEREBL, BRET D (20)-
ULy 2 AL,

(EB)-4a TV F A7z AT ®FY FEAE
A2 L, 83% OIHET (Z2)-2a MHNERWIZ
AR L. XERRSEMATICE Y 2 E ERIN
oo AR EA OBHTF U RICb @A Al
RETHST2M, N KD LD EEARLZELTIX

Synthesis of Sulfonyl Enyne 4 (ALK =)Lx A 4 DERK)

(E)-3a-c

@ MeQ
MeOO—I O

R = H, (E)-4a (91%)
CN (E)-4b (83%)
CF3 (E)-4c (64%)

1d (1.3 equiv)
PdCI,(PPh3),
(3.0 mol%)
Cul (5.0 mol%)

D — e
THF, NEt,
rt, 16 h

AN

SO,Ph
O (E)-4a-c

(2)-3a

1d (1.3 equiv)
PdCIy(PPh3),
(3.0 mol%)

Cul (5.0 mol%) (E)-4a + (Z)-4a

toluene, 79% (11/89)

NEt; (1.5 equiv)
rt, 16 h

(E)-4a

MeO

Oz O

THF,
0°C-rt, 16 h

(3.0 equiv)
N\ 7

Ph (2)-2
R = H, 2a (83%)
(p-Tol)5N, 2b (55%)
CN, 2c (51%)

R = H, 2e (53%)
MeO 2f (35%)

(p-tol)oN 29 (54%)
CN 2h (46%)
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BIBG 2B S Tz,

RSO BEBERFIL, AKX EL (stereoinvertive) #i CHEITTH M TH D, DFT FHEOFEFE., RKEfT
MBI END T a2V X N T L= V7 =4 R RER O R EMEZ (596. 8 keal/mol) 23 Z (KRIRMEZE
FHT D ENREINTZ, FFIC, VF UL hTFF U ETAX EORMMAEERIZ L2 FREO R END
LB BN ST,

3 Optical Properties of Enediynes 4 (R/VE=)L A 2 4 OFZEME)

(D)-= VA UHEERONFEMEE UV-vis W LK OHOEEIEIS & 0 30 L7z, B CIE It sh fn
BEEICHN, 7 EEAK (2b, 2d) FRINB L ORENEREM A~ T b L, IEFITEWVEDE R IR
(OPF =0.95-0.98) 2R L7z, —FH, EBEHREKBLOT T/ BHREIZHOVREE LIVES 2o 2, FEibikEE
TiE 22 BEY 2¢ ITBWTHEARE I HRE I, BEFEFEICHE® (AIEE) FFHENER I N, £72 22
B EDRT0 im DFRFL T hERL, AB ) 7AFnursn I RnER L, iR e imRE L EEk
(2e-h) TIERIN - NI BICEERLL, BT 5EE AL 0 IEENRIEICH L (kK OF
=0.99) , EERETLEHROENLEZEEL, B2 72207 3 BREITEDIROEAE AR LE
EHIT, L4V F o AR BUrEHAWE ZEHERE ALK VEBREIGIZE Y, bis(enediyne) L&Y
(Z,2)-25 BL 2k DERRIT BRI LTz, INRIT22-24% & THRRE Th o723, ZHT 2 I A EHKOMEN
HEETHDHZ LERLT,

S RN TIx, (Z,2)-23 1% CHCls 1T 393 nm IZWRINH 2R L, 472 nm ([ZERRFEN (OF = 0.77)
ERLE, P72 AT EEEALE (2,2)-2k TiE oo HEBEPENS S ST L, WL 439 nm -~
EWRENL, WEDTHEFICEVETINER (OF = 0.97) 2RL7-, S5IC 2k IHEER YL 7040
7 ALERL, BEBEOBEINCHENENRGN b HOEAND DNSO F OB~ LT,

1) BuLi (2.0 equiv),
TMEDA (2.0 equiv)
— _ THF, 0°C,0.5h Ph

1k = 2)

——toluene
——dioxane

——CHCI3
——THF
———acetone
——MeCN

SO,Ph
R — R = MeO (Z, 2)-2j 22%

2
T
=2
PL (normalized)

Ph PhoN (Z, Z)-2k 24%
(2.0 equiv)

0°C-rt, 16 h

R =MeO (E)-4a R 450 500 550 800
PhyN (E)-49 wavelength [nm]

SE 3Rk

1) A&, 400 MHz NMR (JNM-ECS400 and JNM-ECZ400S), MALDI-TOF MS (autoflex speed), Crystal X-ray
Diffraction (Rigaku VariMax with Saturn) ZF|JH L CTEELZHILEZ L E2—1L7, FEmRL; Y. Akagi, H.
Watanabe, T. Sakami, S. Furumatsu, S. Yamada, R. Maki, Y. Okuda, H. Akashi, K. Wakamatsu, Y. Kusano, A.
Orita. J. Org. Chem 2024, 89, 17122-17132.
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Synthesis of (Z)-Enediynes via Stereoinvertive Nucleophilic
Substitution of (E)-Sulfonylethenes with Arylethynide, and
TheirAggregation-Induced Optical Properties

Yuta Akagi, Hikaru Watanabe, Toshiki Sakami, Sou Furumatsu, Shunsuke Yamada,
Ryosuke Maki, Yasuhiro Okuda, Haruo Akashi,” Kan Wakamatsu,” Yoshihiro Kusano,

and Akihiro Orita

Department of Applied Chemistry, Faculty of Engineering,
*Institute of Frontier Science and Technology,
**Department of Chemistry, Faculty of Science,
Okayama University of Science,

1-1 Ridai-cho, Kita-ku, Okayama 700-0006, Japan

Enediynes constitute an important class of m-conjugated molecules that have attracted long-standing
interest because of both biological activity and materials functionality. Structurally, enediynes can undergo
Bergman cyclization to generate highly reactive diradical intermediates capable of DNA cleavage, a property
connected to antitumor activity. Beyond medicinal chemistry, thermally induced cyclization reactions of
enediynes have also been exploited for constructing extended polyacene frameworks and other n-conjugated
systems useful in organic electronic materials.

In parallel with biological relevance, recent research has revealed that appropriately substituted enediynes
can exhibit interesting photophysical behavior such as aggregation-induced emission (AIE),
solvatochromism, and dual emission. However, despite numerous synthetic approaches—including cross-
coupling reactions, elimination—addition processes, and oxidative alkyne trimerizations—efficient and
stereoselective methods for preparing trisubstituted (Z)-enediyne frameworks remain limited. Developing
modular and reliable synthetic strategies therefore remains an important challenge.

The present study addresses this need by introducing a three-component synthetic protocol that constructs
(Z2)-enediyne derivatives from three terminal alkynes through sequential transformations. In addition to
synthetic development, the authors investigate the optical properties of the resulting n-conjugated systems,

focusing on aggregation-induced luminescence and environment-responsive emission behavior.

Keywords: enediynes; sulfones; photoluminescence.
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TSI G b/ K [ e =
R LB A2 T B0 AL R

1. ¥

THATEE IR & 0 < 97, & FHT b7 TIERE & & oo [ |
EHRENDERELDOTH DN, B ETHERLEZBOESOER
Wk REEREN D, YU FARELEINS, THIKIZGFA
TR E AERICHWZE Wb T\,

THATEE C AWV DAV D R TIE, fRTTTN E 72132 O 80 TR X
N B LA )T, 865 2 Fe 03825 THI3 wt% & A TV D,
IO EBEIE LTHOWOR D FHCESORBIZAN B D T
DOHORGGBRIE L THEZ REEREIL, Z bR TICEENREE
LTW5, KE, BEREZ OB ZONETH 2 (BHENF#KR
D, RSO FERO AR G ERIXHRE & B S, AT £ & ko -1 W
FHORBEIE LT T 5. FHOEBEIL. HFroititshs BRI1 B i 00 %5 1) 4800 Py 531,
V7N EEETRE OIS & DA T R LSk (e-Fe 03) 0 8k
B E RV [Mg(ALFeROs) D AERICER T 22, —FH ., IO THOEMRICR O S BaiX, knlsmn e
KBS T NI e, FTOBBEICL 0 AT 2REMEGOREICHET L L THNLIEBEZ LN TE
e, B A B = X AR EOFEMIZAHATH 5, RPFRTIE, B0 B THEMR LZMATHEICE S B0
WREE I HOW TR L7,

2. ERAE
THATEEER D S I N B A DOMHATEEIC DWW T, 4 4 AT A % —[ BARE T ()RIB-09060CIS] %
THAME L, ZREEE THMEI[H AT 7#H)R, JEM-2800]% W\ T &L 21T o 7=,

3. BRBLUEE
P21, B O Al HE D 2 AT T OB EEHER R AR T, BRI, ~10 umDJE S OFE S LR L

(a) HAADF-STEM

Pyroxene Augite

(f) Mg+Ca+Mn+Fe

Magnesioferrite
Pigeonite

" 040
" o

400

X2 B O ETEE O 3 M AU O (a)HAADF-STEMA4 35 & O (b-HEDS~ v 714,

019



Tz, TRAF = BUXRIEIH(ED)B LCET  a. . . b_ » o SEEE
[T (ED)Dfis . AT I OfEARARIT RS TIE72 < | Si, oios S EX IR

. *
Ca. MgB L UFex £< GLLAMTH 7=, K20 e 200
HAADF-STEM{&IZH N THIH < A, Mg, MnBS X UFe  a wma mogoe o o «onloly 2
% Gk 13, ED(X2eDFARKNDFER NS, AL 020, o
FIMHEALAWDO—DTH Y FeDH A McMnAiEHL T e ’
To B35 L8R [Mg(Fe,Mn)Os) (LA A B R L)TH D Z & AN s _
Moy inolo, AERNVOEFEORFIE, MgDflizcCats & o e
USi(R7 L) & & ATE Y, EDOFEREMFEAR)AS -0 77 T T
5 B £ [(Ca,Mg,Fe)2Siz06] Td 5 Z & MM o Tn, «veenennnn .- i

HAADF-STEM&IZ W\ T, il A 1T H—HIZ /L 2 2
2. EDSHOHT OFER. CaslMnD SN A —Th o7z, & w .
Mn% % < & #HCald D7 W % & LED/ S Y — T e e WTSRERE B S S
OIODOKHN A LD Z 20, M%< & fEiki ; ;
YEE A R UEAEAD —>THAE Y a VA
[(Mg,Fe,Ca)2Si206] T 2 & I L 7=, M3 A xRVl X OE@EE A %S el o
2O @A L, AEFAVORAMICERLTWD D BN -ED Y —r@bB Ly Ial—
END WIS R ER R GV EARPFEET 5525 g % —(c,d),
iz, & 2T, Wil % & TefEik OEDIZ DV TN ARG
L7z, K32, BONFEEDAAZ —@b)BLOvIab—va ¥ —v(edard, Y alb—va R34
— Y ORBIFAERN, FRIFEEEAORPT S ZR LTS, WAEIZE, ap/<IT1>s bp//<110>5, cp//<112>
(P EMEA, A ERIOBMRRH B Z L &AM Uiz, Wil A O[001], A ERAD[112]0> 6 & 1= i FH O R
FORy XL IBREULTCHD 2 b, WIS ENRGMERPTET DB 26N,

& E XAk

D w2 OPGE, RIR E, B ELL, BiRE XM ERIEE, 69, 409-414, 2022.

2) Y. Kusano, H. Nakata, Z. Peng, R. Maki, T. Ogawa, M. Fukuhara, ACS Appl. Mater. Interfaces, 13, 38491-38498,
2021.
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Microstructure of Black-Colored Bizen Stoneware

Ai Shiroma, Ryosuke Maki and Yoshihiro Kusano*

Department of Applied Chemistry, Faculty of Engineering, Okayama University of Science, 1-1 Ridai-
cho, Kita-ku, Okayama 700-0005, Japan

Black color can appear on the surfaces of Bizen stoneware after firing in a firewood kiln. The black color was found to
be caused by the generation of augite [(Ca,Mg,Fe)2Si20¢] and magnesioferrite [Mg(Fe,Mn)204]. These oxides were
formed by reactions between the Bizen clay and the firewood ash used as fuel. Augite and pigeonite formed around the
spinel particles. An epitaxial relationship was found to be identified between augite and magnesioferrite, this being
ap//<111>s, bp//<110>s and cp//<112>s, where the subscripts a and s indicate augite and magnesioferrite (spinel),

respectively.

Keywords: Black; Bizen; microstructure; epitaxial relation.
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UDP-EC#E{k LBk UGTT6F2 DA —F < L &SRR
HBICEHT IHR

JR SERE, FEE B, LI VERL. Yunde Zhao™. ARJFU FESET. AR BB

fi] L FE R K 2 B AR AT SE B AR S R

TR LRFERFRE - PR L
#EH VT F VT KEV T 4 = RS
sk [T |1 BRRE R 524 AL AR i RH R

HE

AN A —F 20 (AR —L-3-FElR, IAA) BiX., TOAEERERTEMELIZ I > TH AR ICHI S
LTS, TAALT, A R—L=3-E/LE U (IPA) #1235V T, TAALEYUCCAD2FEFA DI 12X
BB N R TTE R END, TAALZN 77 7 ZIPAICZE# L . YUCCAIXIPAZ FRL A R iR L
TIAAZERE T2, v aAXF A F DOUDP-ZVas Lk 27 25— UGTT6F2 (At3g55710) 1.
IPAD T )V Azl L il BAZIAAL ~L 23l 895 & AR H S ST D, ABFFETIL,
UGT76F2-% DTk REr s Thn UGT76F1(At3g55700) DIAATE PRI 51T 542 BRA P E 4 2
A SRMT LTz, T & 1%, CRISPR/Cas9iB a1 #mEE Ee il N T\ ugt 7611 ugt 7612 —H/RABZE AR
BE P ugt 7625 M K A8 AR Z 2N ENEHCREEH LR BRI fR AT L=,

e

M ARNE THDIAAIZN) T 7 72 (Trp) DA S5, £ TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAAL) ATrp&A >R —/1-3-t /Lt R (IPA) (225 #i
L. %W\ T YUCCA(YUC) 23ER{b Rt ik g & fil it U CIAAZ A % 9% (Mashiguchi et al. 2011; Won
et al. 2011; Zhao 2018), TAA1EZ DT ixE AR T TARL/TAR2A R ESNTEY, v aA XX+ 07
AR OYUCT T8 F /47— NEHE TS (Zhao 2018) , = FHIAFFEIZLD .
YUCIXIPARR B DA E L U CREBEL . fIIIINIAA G 2@ U TR R A 7 o 22 HI#H 452
EDABNZSIL TS (Kasahara 2016) , IAADOARIEM:ALIZTIZ, GH3 (GRETCHEN HAGEN 3) 74
— XL -TINAREER ICL DT BRI AT Lo TH#EAT T 5, GHIIZIAAZ 7 BR S IRICZAE L,
RFINTIZIAA-L-T ARTX R (IAA-Asp) RRCIAA-L-Z7 V2 (IAA-Glu) ZE KT 5, 612,
DIOXYGENASE FOR AUXIN OXIDATION (DAO) 1ZIAA-T 2 /EEZTR{L L. oxIAA-T I RS 1A
%I R 5 (Hayashi 2021; Miiller et al. 2021) , ZDft it IAA CARBOXYL
METHYLTRANSFERASE 1 (IAMT1) < UDP-ZVai Lh7r A7 =7 —+¥ UGT84B1 HIAALE
\ZBH 545 (Aoi et al. 2020; Takubo et al. 2020), IAZMT1°PUGT84B1 @ FIFHIEH L, v afxX )
AT THERIAAR Z RO KRBV Z7R 75 —J57 TCRISPR/ CasdiZ KV GH Iz jiamt IH LT
ugt84b IR ¥ 75 FLARIT AT /2 F8 A4 o A R 872735 72 (Aoi 2020; Takubo 2020; Hayashi 2021)
UDP-ZVas Vb7 A7 27 —F (UGTs) 1L, UDPIEMAL B2 W CE ML S M a ke 42
BEEETHD, A XFT AT TGO UGCT AR E S, 1907 73— (UGTT71-UGT91) £6-
DY 7773 — (A-F)ITHEEENTWA (Yu et al. 2017) , ZHVETOHFFET, UGTS84B1, UGT84B2,
UGT75B1, UGT75B2, UGTT4D1MMIAAZ IE LU TIAA-Z /L ay REA KR THIENRIILTND,

TEOFZETIL, UGT76F2(At3g55710) 2NIPAZZ Vs Ak L., IAAEZ RS2 Al ErEN
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REHT2 (Chen et al. 2020a, b) , UGT76F2RABRETIZ T IRER F</20  #UR A7 TA AR I 75 3% 51
W R &Nz, W UGT76F2E 36 BRE Tl FIREI 2N EME L, IAAR Z L — 84 A £ B %
RUTZ, ZOZEND, UGTT6F21XIPAD 7 v AL Z S U CIAATE F 2L, F R = 230
HiL TV A EFEPE S4172 (Chen 2020b),

LU A5, IPAIZTAALIC LD A= B 3 il S AL AR5 D | SEBRITIXIPADSH AR PN Ci
FNCER/THZLIT WS E SN TUWA (Sato 2022), 7=, UGT76F NI UGT76F2D Tt AERS
(T8%DAREIE) THY | IT4- KB DRI IR A VR (C-T necic acidkR{b&¥) DF L= AkIZ
R 59222 RENT- (Chen et al. 2023), ZNHDO HA B EZ . AW TIT UGTTEF2IAAL
AR BRI 3N TA Y TR R B A S COADDE R REETAZ LA H L LT,

R

UGT76F1(At3g55700) 3L N UGT76F2(At3g55710) IZUGTT6F 7 )L —7 DT ARER S THY | i
AR I 3G R FIE L CTFETET 5 (X1b) . F 4 1d, CRISPR/Cas9% H\\ =7/ AwEEIZ LD |
ugt 76/2(At3g55710) IR D R I8 BAR IS K N ugt 7611 ugt 7612 R I BARZAEH L7= (K 1b)
ZOBE, UGT76FIB X NUGT76F2E NEND BT EFER T H2 DD gRNAZ R &t LT=, UGT76F1
DIERIEBNLIIZPAME T — 7 I 5 12 Bst XTIl BRI% R8RS SMFAEL . UGT76F20FEHIEALIZ I
BamHIFRF AL 23 E T2 (M 1b) . BamHI BREESZ A FI 3528 C, UGT76FARERIENLIZIITH
ugt 76128 M AR DA — =2 7 I8 A RE T D, TIHARBEW 1T A T~ AT Ui DT
P LTz, Cas9FERFFOT2 AT, mCherry i e &2 "7 E DR BUZLDEK LTZ, ZDRER.,
PCRICH: S = 7 Z A 712D, 92.7 kbD KL R 2 T 522 DO TIHACRERES M

ugt 7611 ugt 7612 T /R K BAK %G T2 (K 1b) , SBIZ, UGT76F28 a1 DH1=r Y NIZIFET 5,
BamHIE & K K LT ugt 7628 R R AL BARZ 4R 4545372 (K 1b) . ZD95 ugt 7612-228 L)

ugt 7612440 22 K FEREFRHT IZH W=,

HOOC
A Hooc Trp HOOG IPA Ho lAA Hom-f—)fNH IAA-Asp
He? -
N TAA1 N YUCCA N GH3 N
H TARs H H H

OH
L0
=0
\

+ UGT76F2 UGTBd—E‘I\
OH

O
Y,

HO) O_
DH
N

H

B ugt76f1f2 mutant

ugt76f1£2-82° 2694 bp deletion = Ugt76f2 mutant

ugt7erir2-87: 2695 bp deletion .
'STOP codon (NFFG * )

GT1 GT2 GT4 GT3 GTS GT4
— - - — -— -«
[ > — >
CDS - - - - - - -— B - - - - -E——
A UGT76F1 (AT3G55700) A uGT7EF2 (AT3GS5710)
BstXl site BamHI site

1. 1AA OR#MEERE UGT76F1(At3gh5700)B&LT UGT76F2(At3g55710)BEEFDENK,

(a) YAAXFTRFIZHTD IAA ORBIRIE, IAA (ENTRT72 (Trp) MhBEBBIN, IAA-T RS X UEE
(IAA-Asp)®> IAA-ZILATR(AA-Gle) ELTARFEMAES N D, UGTT6F2 (EAVR—IL-3-EILEVEE(PA)E IPA-Y
JLAVR(IPA-Gle)IZZE#3 5, (b) UGTT6F1 H&LU UGT76F2 Ef=FI& CRISPR/Cas9 ~4—%4— pHEE401
mCherry £FRWTEREALE, MBLEFMED 2.7 kb O DNA MR ERESE, ugt/6f1F2 —ERBERIK
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(ugt76f12-82, -8 EBEELV ugt/7672 BRMRIBERE(ugt7612-22, -44, -41, -48) &{EH L7z, SHIZ, ugt76f2
EEED UGT76F2 a—T4VJREICIE 4 DOFMAMY TRV NHBE L, CRISPR/Cas9 Bz FHRERMIZL
% ugt76f112 _BEEREDIEW =, EBIZ, ugt76f2 BEMKD UGT76F2 a—T4V 7 BHIZIF 4 DOFHRANy T
ARV ERLT=,

UGT76F213 T ZE il R Z-Hil L 22\

F IR OMEIINAEA —F 2 R EEICRUKTEL T (Gray et al., 1998; Won, 2011), IAAIZS 1
AXF A F OFHEROMEEEHEL , IA AN K Z T DL IER R 1Xmsl S s, £z, 0|
IAADEE RERE 725212 k0, 3 E IR 722 28% 5 2% (Cheng, Dai, and Zhao,
2006) , UGT76F1 3 L ONUGTT6F2 3 AAL )L O EIIC 7T A FH AR ETH L0,
ugt 761112 T8 BAR I L O UGT76F238 ) 58 BLAK (2D DML LT GFP-UGT76F2 ox CH LW
GFP-UGTT76F2 ox F3&#E) IZDWT, BN, R, BLORE M T Co 7B {H & 270~/ (X
2a-c), JCATHFIE Tl ugt 761228 BARIZ TN EL, UGT76F28B IR BARITE O T Elh 2 R 3L
RSN TS (Chen, 2020b), LU, AREBRTIL., ugt 7611278 BAR B X ONGFP-UGT76F 28 ) %
BRI, B (WT) SR O Ef R4 R U7z (M 2a—c) .

taat UGT76F20x TAA1o0x TARZox  ugt76fif2 ugt76r2

B White ight C Dark
£ 3 - ; g20 . ¥ -
E E £ o H
£2 * =
o (=2}
g 5 12 g :
= , o ] =8 °
=] =] o
8 8 4
[=% [=%
> >
I, I
Q(‘ PARCIR S 0 04'"%(["1‘;\'{[‘)?' \\S\ G & a 0““%%6“'1?')
gk Vo ¥ oot o
PO o e x\" O é(%“q‘rf’ . \r%’\“&\‘«é"\%ﬂ
& \9 O Y © @ &
\-)G \50 \)G \)G
E
’gs rf
=2 ;
} % s 4
taat UGTT76F2 ox =
g z2 :
L fo
- ) J 4 N0 & & o & rL'L =
- & @ TSttt
TAAT ox TARZ ox ugt76rif2 ugl76f2 . é(q, E?q' 4‘??/\&,\6‘,\6\\ g‘@q«%
RN

M2, YO4XFXF ugt76f1f2 HELW taal/tar TREDOTHRERER

(a-e) ZREELE%E 23 ° C TH A AEXELFIBETTEELE, BFIZIEIROZRKEER VN HLER
(WT). taal RIEZEEMEK(taal sav3-2). GFP-UGT76F2 BE|RIRE(UGT/6F2 ox). GFP-TAAT BE FB &
(TAAT ox). GFP-TAR2 BEIFRIRIEK(TARZ ox). ugt76F1ugt7612 —EZEFE KR (ugt76f1f2) ugt76f2 ZTEIK
(ugt76f2), R —JL/N— = 5 mm, (b, ¢) 23 ° C I12BIH+3 ugt/62 BLY taal/tar ZEEOTHEE, (d, e)
28 ° C I2H1HD ugt/76F112 BXW taal/tar ZEREOTHEEK, £4(E 23 ° C ARXTT 4 BEESE.
28 ° C TABIZ 2 AREELRE, (b-e) X —IL/N— = 5 mm, FFEEE (mMm)EFEHE + SD(n = 25) TR,
RAW-AEELZDAEEERT, TRAURYIE WT LERERBTERENHDILERT (P < 0.05, Dunnett #
E ),
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TAAL/SAV3B LN TARAXIPAZ /LK T A7/ s EE R 23— R L TEY, 355::GFP-TAAIRB L
358::GFP-TAR20> 18 Jo| 38 BLARITIWT & [F £k D 1 ZEdil{h R 2~ L7z (K 2a—c) , — 5. taal/sav3-2/K
REBMITECANSEM T CTHOWFEMZ R, MIREREIZIAAREZ EASE52 8T HE g il
FEZE92% (Gray et al., 1998), 28° COEIR T TlE. THEY taal /sav3-AFTWT IV F\ - i
ZoRLTZ, TAAIB X O TARZE FI R BARIIWT IV R W2l 2 R L7- (K 2d, e), L,
ugt 7611275 BAR B X OV UG T76 F2AB I3 BLARIIWT L RO 1 il {h K A2~ L7- (K2d, e), ZHbH0D
WERIT. UGT76F13 LN UGT76F2NIAAL ~ L D FEINIZ 3B CHE B E 2 573 Al ge M 2
TrERIELTUVNA,

A

PXVE-GFP-
UGT76F2

UGT76F2 ox

PXVE-GFP-
UGT84B1

TAAT ox TAR2 ox

®3. ¥AfRFXF ugt76f1 B ugt76f2 EERGKORBER B

(a) pXVE-GFP, pXVE-GFP-UGT76F2. pXVE-GFP-UGTE84B] BEIFRBANEEFREHE =4F 2 M f-T Rk
SUF—I(Est)DEETRELITEFEETT 5 BEEEL, A7 —IL/N— =5 mm, (b) 18 BMOLEEREFEDHD
Sa—NKRIBE, ugt/6f112. UGT76F2 ox( 358:GFP-UGT76F2) . TAAT ox. TARZ ox( 358:GFP-TAAT.
358-:GFP-TAR2) W% +1E T 18 AmEIELE, XA —IIL/N— = 50 mm,

UGTT6F2 BN IR DR ICH 2D B B2 D720 AT AT V4 — L B E A O
XVE::GFP-UGT76F28 X OXVE::GFP-UGT84B LB T3 B 2 A EH LT, IAA-Z L3 LT A
72T —V¥THDHUGTSIBI% BRI R B ITHL, IAAK?G:i@*ﬂﬁi(ﬁﬁ@%ﬁi&lgbb\ﬁ:%ﬁié
U7z (X3a), — . GFP-UGT76F2% BB S T B BLXOEEICR AR T ITRDHN
T (X 3a) . UGT76FATNAIAAR FEIZ B E 52 1002 e RSz,

UGT76F213NAEIPAL VI E L B 2 2

YUCEEFZITZIAALE A IR IC BT AR L L CTHEBE T 5, D72 YUCIE RIS BLAILE A —
XU URBME R — T, TAAJ/TAR@%IJ%%fﬁ%mi%mt%e%%fﬁﬁ” I LN (X4)
(Mashiguchi et al., 2011; Won, 2011) , GFP-YUCS& B RIFR B IEHENAIAARE N EFH L, =AK
TVA— VEHEM XVE::GFP-YUC3KE ) TR s MiE S 7z (M4) . — 7 GEP-TAAI B I
GFP-TAR2D & T 5 BLCIIAARTE sIT B E SN2 o Tz, BT, GFP-TAAIB X ONGFP-YUC3D
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HOE I FIC LY 8355 :GFP-TAAIR L OXVE::GFP-YUC3 " B 18 8] 38 HL AR TR T A A3 KIE 12
fRetEEsn7= (K4), ZE, TAALB RIS K> TEUZIBRZRIPAN,, YUCSE T I EAN TR
BCIAAIC B EIND LB RLTCWND, — 7, ugt 761128 BB X ONUGT76F2B FIZ HIL. YUCSHHE
RT3 T HMIABTE BRI B % 5.2 72T~ 2D FE B0 . UGT76FATNEIPAL ~ L
\CRE 7B LT EIp N EP R ST,

S 40
E b
w30 4 g c
g _é_
§ 20 - o)
c a
= a a
e 10 -
£ d “
(4]
® 0 =] /= =] o = . : .
A ! e ot oF JprnO Qo
B 1 p\‘& N N\, © s\'\ o) 0
o) O
N

4. ugt76f1f2 ERAFIZHITS YUC DX BREBEHIFAUBRTE RKI<RIFTR

YUC 8LV TAAT/TAR BEIFBRAOERRER, 4% 23 ° C » GM JL—bT b HEESE®R. 2 pM B-
IRIDHF—LEECHEE OM FHhTEHIc 36 FKEABELE, TR A —LFER YUCI ox
(PXVE:GFP-YUC) Ha¥%E TAAT/TARZ ox WE¥MIE-IE ugt76f112 ERAKERIL =, BHMFLEI_EETERD
BIARE, AR (5 mm RHELVITFHME = SD(h = 19) TR,

UGT76F2i3INAEIAAL~LE R L2V

ugt 761112 B2 BRI L ONGFP-UGT76F 218 Rl FE BLR DN AETAA L~ )L Z LC-MS/MSIZ X 0 HI7E L
oo BRI OEPAR (WD) MW, MEE X GMEGHE |7 H RIES & % ICLC-MS/MS TN ZETAA
ZER LT (K6) , GFP-TAAIE X O\GFP-TARZBFIFE BLR Tl WHEMIZ L TNATAAL ~ L
NHBIZE oo, —J7. taal /sav3-2 B AR TIINT LV & IAMAE DMK - 72, S RAYIZ, UGT 7612
WRIFEE I X Wugt 76117225 513, WETAMAL ~JVICTHE LY 5 2 oo 71—, @72 NAETAAT,
TAA-7 2/ FRAE G GH3EE R IC K » TE G ITRIEMAL S 41, TAA-Aspds L OMAA-GlupERE S b,
TAA-Asp3 L ONTAA-GlulX. VUCHERFIFEE AR P O TAMBRIEEM Y IS S5 (Hayashi,
2021) o ugt76f1fI%E BARFS T ON36S: :CFP-UCT76FIFEMZ 31 5 NAETAA-AspI KL TONIAA-Glu L
AT, WHHEY) & RFREE CTh -7 (K6) . Z DOFEFIT. UGTT6F23IPAD 7Y 2 fklz k-
TIAML VB L B 200N L ERIBLTWD,
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>

100 .
0 IAA *
i
3 60 -
g
40 - *
3 H
20 | ’—:—‘
0 T T T
\\S“ A 5 A V
& G s ® {L'L
@b@ FE S O
\56 N
5 IAA-Asp
40 -
; o
Z - . [AA-Glu
TE) 20 |
(=R
0 L T T T
é‘ o*‘\ R;\ \\é o"‘“(\ "\
12 & 9 U
< N < N
'ﬂ'\% {\E‘J ‘<\6 {\6
© ) © )

5. ugt76f2 H&LU taal/tar ZREIZEITS IAA BLU IAA-FI/BEEAORES

WT BEUVZERKRESEEZ GM JL—bLET 7 BEEEREELE, IAA 8L AA-72 /B (AA-Asp, IAA-Glu) D=
% LC-MS/MS THIEL=, EXFHE + SD(n = ) TRY, RYNEE L DRI EEERT, TRARURAIIE WT L&
BEERBTERENHDEERT (P < 0.01, Tukey @ HSD #&%E)

EE

AT LY, UGT76FATy 0ARXFT A FIZBWTIPADO T Vay bz L A —F o OfE G4
I LZ2WNZ N B2 572, CRISPR/Cas9iB{n T fmtE £ i IC Lo TE S e oS LT
ugt76 12K RZE BARIL, A —F T MAKAFOFR A WEL A B TS B ISR W TR D Rt R S72
MoloZbh R LTz, BT, GFP-UGT76F2B IR BLRLWTHLY) L RIARIC EH 72 Z2 R LT,
LC-MS/MS/3#7r Tl WAEIAAB I AA-T I/ R A K (IAA-Asp B L TNMAA-Glu) DL~ JL 1%,
UGT76F1 F2DORREES UGT 76 F2D M FE B Lo TE{L Lo T, ZNHDFE RN, UGT76FAT
[PADZ Vs WAL Z il U CNAEIAAL ~ L AR ET T ABLE TRV E AR I,

[PAL UL, TAAE B BRRIK IZH 1T 52D DEESE | TAAL/TARIZED MG (push) | &YUCIZX
%% (pull) 12 K> THERFE LTS (Gao, 2016; Sato, 2022) , EBE, TAAL/TARL YUC3D I
FEBLTIL, YUCIHMBRIFE BRI N TIRICB T D m A —F o o RBEUN IV B (28N, Fiz,
TAATETZ 1L TARZE B R R BL TIIE A —F o HEAIB RSN o7, TAALORN 7R 7 7
VTR B RERIE MR IX AT THY, REIDIPYAZ N TR 7 7 A B L Tl ) 2R IPAL ~ )L % #E
F# 4% (Gao, 2016; Sato, 2022), — 5. ugt76f125 BlX YUCIBRI R BRIRI B T HEmA—F 0 F
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BRA PR U722 8D UGTT6F2AAA B AR K IZ 31T AIPAL ~ L AAR N S22 &% 3R
L7z, UGT76F1(At3g55700) X UGT76F2D T ARETZ THY ., 18% DFE R 245, UGTT6F1
BER I3, CT- Ry ZEED BAEIR (2-ERa% v -2-(1-ERuf v = F )L XX U fR)) D7 Vat v
(b2 il 42 2 L AN RS S7- (Chen, 2023) , 2O ZEM5, UGTTOF21ECT R v 7 [ L i i B9 128 12
L7-HEHE D VR e 383 L 2IRACEHHZ B 5- L QLD ATREME DN B D, ARBFZED G R EIAAE A AR
TR OFRETET VBT 24T RAR A T 5L, UGTT6F2MD A4 B2 fy 4% B 18 B IS ATl 35
MEDRENT,
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27 IVERWVENANQSF D) —RHREY) T/ 20 —X
F/) DAL N—DEH

BRSO KR S

e | L PR R S B AR AL R

1. #E

I, SDGsPH —AR e =a— NI LVOEEPL, b HonsErr—RF ) 757 A 35— (Cellulose
nanofiber, CNF) 23EH ZHED T\ 5, CNFIdfkx REBENTFBEAT L0, FTHEALR—R T TEHK
DKRFEREGEZERT HOEBETHY, T2, BETHDI L0 0ES TOMMEHEE LTS T
S, LU, BBHETH LR REPERSIND 0B TCOERMMUIZIRETH 5, HRMEE 59 51205,
WA K B BB OB RIC L O RELEAIBRET AD b T v 7 BJCHEHE 2 BT 57200
RALB O 72 L, BRTHRICL DR A 7 VDR EBLETH D, — BN, BroPh EOBR TR L5
TeHERFI N IRIME N D08, ELIC X D HEYMEDIR T, 7V —RFRT7 U M Ckke REENELC D, —5.
CNFEHEIIA~AI A a—AR ) = BB L2 7 ' —RF /) 77 A4 3— (LCNF) (%, CNFH¥®D
BNz, ETEODRIPZITIKIA NTH D, AFRICBIT DT TIEAR LTI RESR
HERA] (FR) &Y 7= LB/ T 5 2 & TR E 2 R T LONFOMERUC P L72D, — 5, FRIZBRGE
BRZHEA A F U U EERAET D2 ERHRESNTND, Fx IMannich R IZ & Y melamine 2 LCNFIZ AL Z&
fiiL (MLCNF) | MZALZKERPTRY VB ERAT LI ETrrs 07 ) —RERMLCNFOERL %
7= (MPPLCNF) , L7 L. melaminefflg 2% 572 5 LCNF % 284& L CLCNF2SBREE L O gk I & Al sl sh R
HRETDHZ IR TH o 70Y, £ 2 TARMIETII2H/T I Th 53,5-diamino-1,2,4-triazole (DAT) % LCNF
WAL 2B R L. % Dt polyphosphoric acid (PPA) ##E4 S ¥ T v &7 v 7 U — TV EERYE %2 7RI LCNFO 1
AR T,

2. =B

300mLE /37 717 Z A 2 ZLCNF20g (R E £1.0g) . 3,5-diamino-1,2,4-triazole (5 mmol/g~ 3 Ommol/g) .
H,0200 mL% BB EH I T100 Mo Liz, W\ T, 0.IMERE (Fok) ZHAWCpHSIZ L7zd %, formaldehydesk
AR (3,5-diamino-1,2,4-triazole : formaldehyde=1:2, <E/Ltk) ZwW->< V{H T L, SEECTSKM\HE L, T L
T, 0.5M NaOH (Fn)t) % FHvCpH9IZ L. MannichS i iZ & W DLCNF % /E# L 7=, DLCNFIX90 °COEK T
AP 03,5-diamino-1,2,4-triazole & formaldehyde & VEif LKEHL L 7=, K8 L 72DLCNF20 g (W IRE&1.0g) |
H20100mL % =25 T8 # L7~ 5, PPA (Sigma Aldrich) 1.0g2 @ - < Vi F L, iR TIFEH, 90°CT
S DI IRFESEE L7z, 288K & IV CORBUR OPPAZ HE# L. DPPLCNFAERLL 7=,

CNF CNF

CNF ~N AN
won Hg-on i ny-on
H Lignin—CH Lignin—CH HOTP—=0 HLignin—?H
& o - HC-OH o o HC-OH
7 NH, HC-OH AcOH - N Q
N+ L+ o ! HOTP—OTH — —— = H,,
>\_\ H H L.t. to 50°C \/\ NH OH o r.t. 10 90°C \/\ NH
H,N : 7/ OMe )/ OMe
H OMe >\—,\' >\—.\'
OH H,N OH H,N OH
3,5-diamino-1,2,4-triazole LCNF DATLCNF PolyPhosphoric acid DATPPLCNF

Scheme 1. DLCNF3 X ("\DPPLCNF O B it F A

RO FHE O FEAR & L CFT-IR/ATR (FT/IR 4700, JASCO, & [H14%64, /> fiEfE2.0cm™) | CHNITHE 5y
Hr (IM-11, Y=o « A =R« FR) | PUHESH (UV-1700, HERUER) 21T-o72, E2WMHEHMIE L
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T, WAt ¥ —OFE-SEM (SU8000, H3Z) . AzhELFE %, LOI (ON-1, A W) . TG-DTA (DTG
60, EERIMERT, FIREE 10°C/min, Air200 cc/min) & H W TR 24T > 7=, JtHESH. TG-DTA. FE-
SEM/Z tert-butyl alcohol TEH# L 7= D HHFSHMR L=V > Iz Hnz, 7, LOITIZIAEF v 2 FEICE Y
ERR L= — b (100 x 15 x 15mm) % A7z,

3. BREER
Fig. LT LZ2EAf L 7=FTIR/ATR D #& S % 7”9, LCNF ‘ ‘ ‘ N COC ‘

Y Helis L CDLONFIZ T 2 3 O AR % R M DB E I —

— BB LIz, ZOZ LM HDATALONFIZHA L. A\l str. + NH, str. DLCNF
NS 5 5 : NH; rock- (1 5mmol/g)

ZEMmMEN D, £72, DPPLCNFTiX1233em! (P=0 o ‘ ; ; .
. . . _ . . . B NH bend. :

stretching vibration) | 913 cm™ (P-OH stretching vibration) 2 | |\« DPPLCNF

¥ £ 1490 cm! (P-O-P bending vibration) @ & — 7 235
KHN, 2O EPEDATEPPAREL S FEA L.
DPPLCNFAERR ENTWD Z ENRBENT-,

Fig. 2IZDLCNFO B 2R3, WEOFHHEIZIXLL
ToOHEXEZ AWz, DATEZ{LFEEMiS T 5 L 5g/g~25
g/gTIE, JBEE LRI BIOBR E 272, LvL, 2¢g/g
~30g/gTiE, IEITIFFER CE & e o7, FIAE LT, 30
g/g TS S T7-BE. LONFEDATRERIZ /B CTEJ,
LELToTER N EEZOLNRS, —), TBATHRIZEBT
b melamineZ W72 BEOUNETX1.5 g/glZ ETH Y . KiFsE
THAWIREZEH TS Z N T,

TLHEMT AT 72 > T, LCNFOALZERG & fERR L7z, R
% Table 11277¢, DLCNFIZMLCNF & R ICNAE A L,
DPPLCNFIZMPPLCNF & [FEEICN, PAEHR LT, Lo
T, AL FEMIC LV MR THE THLOIN, PREASIHT
DPPLCNFZ{ERITE 722 E R L MR o T2, TR O
FEHE23 5. DLCNFIZMLCNF & Lol U CNOE A= 1316.96%

P-OHstr.  (25mmol/g) |

‘ ‘ ‘ ‘ ~ pop bend. ™=
1600 1400 1200 1000 800 600 400
Wavenumber/cm™

w

IS
T
1

w
T
®
1

)
T
1

I I 1 I 1
5 10 15 20 25 30

—

Weight ratio of Mannich products to LCNF  (g/g)<"
(=]

Ratio of Nitrogen Heterocycles to LCNF (mmol/g)
Fig. 2. Yield results of DLCNF.

& 732 o 7=, DPPLCNF/ZMPPLCNF & ki L TNOEATZ139.6 C H N p
. POERIRITI2.8MF & 700, HMEICEWMEMiR L 72>/, LCNF 483  6.38 - -

L7235 T, DATZALSER S8 7 5 A EERE T | L7z,

KIZ, FE-SEM% FI\W\ T EHEKOH BESLCPPAIC K 5 5 iR
M, KB %AFig 3127879, DLCNF {EfI T, DAT4Z2E46 DPPLCNFaswaw 32.8 530 21.8  6.31
RELTELCNFOBRENBRE A ThH ooy, HiMEiEIC KX 7
AL 22> 72, £7-. DPPLCNFO{ESLEYPE T, MPPLCNF
EEERIZHERETH DPPAIZL DY V= DR R LT,
MRMEZ B IC K & 72 & kit /22> o 7=, DPPLCNF | CIIBEEY & Bbh b — ¥ ofEE 8 iR S iz,

DLCNF dsmmae 382 5.70  32.3 -

Table 1. Results of chemical analyses of
LCNFs.

LCNF

- T DSOS
$SUB000 2.0kV x2.50k SE(U) 2005/01/01 03:40 20.0um

Fig. 3. FE-SEM images of LCNFs.
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BNy iR 268D 2 TGIE 2 WO TRl L 7=, 5 5R & Fig. 4137
9, DLCNFO 43 iR 28X LCNE & 1RIE[R U T - 7273, 350 °C
TOEEZ BT 5 E56%05 68 %IZHEM L 7=, ZIUEIND
W R KV DLOCNFO G RIS TV D 2 & 2R
LTW5%, F£7-. DPPLCNFTIEKI250 °C7> 5300 °CIZ 2> T
OEER/VHSLCNF, DLCNFX Y b 8UC 22 o 72, ZHIEPPAD
ARG EIC L VR L TWD Z L E2REL TN D,
ZHITE V. 300 °CH 5600 °COEERD N RILEIC X0 §E
N iolmtEZLND,

BB IR A AT 2 o T, R BR 21T o 72 & 2 A (Fig.
5) . DPPLCNF!d%& k#% ., —WBE Tk L7, DLCNF T
DPPLCNF & 1ZIZ R UREH CYHK L7z, LA L, DLCNFIEoR
REEL., HEWMAKICI®N>7=Z &5, DPPLCNFIZ
DLCNFX°MPPLCNF £ V) & BERAPE S @y 2 & D3RI S 47,

Weight loss / %

100 T T T T T T
— LCNF
80k —— DLCNF (15mmol/g) |
—— DPPLCNF (15mmol/g)
601 -
40t .
20 -
I I I !

|
100 2

00 300 400 500 600

Temperature / °C

Fig. 4. TG curves of LCNFs.

% ZC., DPPLCNF (25 mmol/g) THEEIF7-H455 ZFT-IRZATRC#I%E3 5 & (Fig. 6) . 1233 em! (P=0O
stretching vibration) . 91 3cm™ (P-OH stretching vibration) ¥ & 1%490 cm™ (P-O-P bending vibration) @ &'— 2
P BNz, R, PPAICK ZRILEEZZEL T0DH I L ammlL Tno,

DLCNF (15mmol/g)

DPPLCNF (25mmol/g)

Fig. 5. Results of combustion

P=0 str.

Abs/a.c.

 P-OH str.

P-O-P bend.

1200 1000 800

-1
Wavenumber/cm

Fig. 6. FTIR-ATR spectrum of the combustion residue of DPPLCNF.
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4. F&O
2T I v & te3,5-diamino-1,2,4-triazole & L SAE A L 7-DLCNF 2 {ESL L . & & ZPPA% /Il 2 DPPLCNF % 1E

# 72, DPPLCNFIZMPPLCNF X ¥ £ N & POEEEAHEIZHE <. PHEO E— 27 3@ < Bliv, B S iH KM
WELL Ipole, F7o. MMEIEHETIX, DPPLCNF O{ERELE T, MPPLCNF & RIBRICHREEZ TH 5 PPA IZ LD
U= DONRRRONT, MHERRICKRE BT o Tz, MHERIIEO L, B LT3, UtkoZ
&N D | melamine & VW DATZ{LEEA S W72 057 NEHARME DR EZ2 R Lz,

SEXH
1) F. Ono, et. al., RSC Advances, 12, 3300-3308 (2022).
2) MEXRE - RIHA : MLUBERRFZE X —72L0 (2023).
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72/ (RRT74ZI)7L—VDRERE

RibzRA L

IRLBEED LI —ILDERR

B s D" - e R Y - RE B Y - R o0 ) mE BAKY - Jri B Y
1) LB R T S L
2) I LB B K 25K S 5 2RI RIS P 95
8) LB BHR S TS A A - I L
wE RIS CHEBRFELET X v & AR eI E D f A

ﬁ%ﬁﬁmA%i SR LM BN I W T
PEB bk, KFEREHA, EfEEREL &0
S TFHEEEDTEICRIER, TDDEFREHREED
SRR AN L OEBERR S, el =—XZ
IS A DR S M S CE 2, — 0, A
(yn + amine) (X HHIZ2AEIE D O Ll 5 TEFIA
DS B DOORFEIHNSA TR (K 1a),
ZHUFA T I O@mOVREHEICER L TE D, R
TEDITNAKSRENTT I FARAMICER SN
LZENLRMYPNNETH -T2, Fxl, ETRI
PEDERAT =V PhPO) ZHTHAF I 1a

BREHFTHLLETHDLZEERHL, ladD s T AR
r—VERBIEDBRFEE X OWEAR A 7 ¢ = VB O Sfihist
TYR=TNAXFBALMINTT I R T Y — A
L= (K 1b), D ZHETA T I U E2AOTAEAERK
BRI RE L ZHENTWER, FH 51X 1a 2T
B & UCIER LIe S REEET I v O %17
S72DT, LTI 5,

(a)
B__
“NH, ZNH, = NH, ~NH Me—C=N
Amine Enamine Ynamine Imine Nitrile
C(sp®-N  C(sp?-N C(sp)-N C(sp?)=N C(sp)=N
H O
H,0 H_OH H} /<
Hydrolyzation <If NH H NH,
ydroly 2 amide
(b) Ph.N—H KOMe
2 KsPO, N L
+ — 3 [ Ph,N==—P(O)Ph, [ — N N
C —
Br—=—=—P(0)Ph, 1a (61%, 11.4 g) feul H

Ph,N
X 1:(a) ARERILADOBIENDEEA T IO

fif, (b) RAT 4 =) A F v OERE L O < Sfllt
TV R =T BN

2. HREBER
2—1 A7 I UDEH[4+2] BRILEIE

=9, FRAT7 4= A F I la AV EERE
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7o la l22-3—RFREZ7 ==V Q) &Mz, T T A
il & AR A 7 ¢ VBN L OUREEAKE S U U A E TR
JNL T DMF ", 100°C T20 Bl L7 25, 7
R (RAT 4=y T2 b 3a E T3% DU
ifﬁ%mﬂmo@%ﬁb®$%%%%%ﬁ$t%@
D, KERITEELZRD ATLHEEEA L T2 &
MHIREWE LTHE LN, LLAT, Larock H2BNERT
NF Ll I— RFE7 = VOBLKISEHE LT,
NEREEPEIAET 5 ERRETH -, 2 —,
4+ VTCIET X VENES R T—, AAT = E

BT I T =BT 2 TV OE TR
%ﬁ?ét@ﬁﬁ%m’%%ﬁ$WWA%ﬂﬁbfL
EBINICHET T2 2 L2 R UTe, RO G S
1-2-8—R7z=)F 741> 2b) THWHZ & T
3b A 71% THELAL, p- NI AVEERT LA F I
53k 61%, ARFUVESLIN) 7t XTLEE
A4253—FE7z=nb 3d, 3e 2T T1%,
23% DILFETEA LT,

Ph,N—==—P(O)Ph; [PdCl(allyl)], (2.5 mol%)
1a (0.5 mmol) P(o-tolyl); (10 mol%) PhyN P(O)Ph,
+ KHCO, (4.0 equiv) “

L
L

DMF, 100 °C, 20 h

\‘
5o L&

(1.2 equiv)

P(O)Ph, 3a
(73%*)
7 [P

PhyN P(O)Ph,

3b
(71%)*

(p-to)-NPh P(O)Ph, Ph,N  P(O)Ph,  Ph,N  P(O)Ph,

2
(61%*) (71%*) (23%*)

2: Pd A W= Af F I I —FET7 221D
BRILIC K DZBRBL BT 2 B/ (MR 5 1)



2—2 Sthhid— BIABH LM AAT 4 =1
W1 MNERAL

BNT, BT I/ (RAT7 4 =1) 7 =F b
Ly 3a 2RI LI BHEOG & Et LTz, LART, Bz i
RATZ A =NVEERETLZ NI T Y =27 vafy K
WEEZMZ, MEAEMET CHRIET D ElFA 7 =1
ERMEITT D L2 RHLTWD, D KHFE T [RE
(2, 3a |2 KOBu &%, 1,4-4 F 3 U IREEA, 100°C
TSR LEZEZAS, 73 /)77 L 4a
73 33% IR TH L (F 1 entry 1), B2 HIL=RM L
FRRETS, Wb E R LZEZS, 7T
YT =T VTR 37% &R E IR M B SR
ST=DITxE L (entry 2), 1,10-7=F > bl % 50
mol% WM L7285 &I E R RE M EL, 86% T 4a
M STz (entry 3),

F 24 TH o 72 KOBWI,10-7 =F > bl
VEERITE A BRI T A 2 & T T INEMBE (MLCT)
ko e feo—BE R SICFATESL
ELHMBENTWD, Y ZZTARIFETI, JERHTIC
BIFDOIWMAEARAT 4 = bERFILIEE LA, 7T
fa U az@HMLA20EETCHLIGEHETL TR,
'H NMR X X ff s Efigric Loty v
NV =)L 5a S 64% 1 H D Z & & L L 72 (entry 4),
RETZzFr e ) rERNT S & RICHERMICKIR
MBHEFT L, Sa % 91% OULETH K L7z (entry 5),

£ L AMBLORBEEFETICBTL27 I/ (FA
TA4=N) T 2F U N DR AT ¢ = VRIS

KO Bu (3.0 equiv) Ph,N PhN |
additive (x mol%) . .

NMR yield (%)

1 ,4-dioxane, 15 h
condition

entry additive (x mol%)

4a 5a
12 none 33
22 18-crown-6 (20 mol%) 37
32 1,10-phen (50 mol%) 867
4b none 0 64
50 1,10-phen (30 mol%) 0 91¢

General condition: 3a (0.15 mmol), KO'Bu (3.0 equiv),
additive, 1,4-dioxane (3.0 mL), N5, 15 h.

a condition: 100 °C. ? condition: With LED irradiation
(Amax = 390 nm) at rt. ° Isolated yield.

ZDOPARRT ¢ =)AL& D S FNBRKIC L D A
DRAPLBEI NN — )V E B LT (K 3), A RF
HEO M) T r AFAEEFT 5K 5b,5¢ 1X%
NZEI 86%, 63%, XY F A7 = ViMiEsR LI Ab &Y
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5d b 59% TEONTZ, AFNVEEETHATFTI U0
SITSAYEIED VAR — )L Se RS NT-0, T D8
A ERMEAREIEL TEBY 0.59:1 ODEEYM L

LTCHEZ, —FH, ARV EEATFVELZERLI-A
T2 DI ERIRICSOESET LTV D 2 & %

R L, X SRS MATIC & - T Sf N — AR &
Ut%%ﬁ%fﬁ%nt:k%%mbto

Qz swe
)

R = MeO, 5b (86%) 5d (59%

gsV<lioWe
aSaNNa %

5e (93%, 0.59:1 mixture)

ij(jknim
2%

5f (86%, >99:1)

Me

X-ray crystal structure
of 5f

3: PR AT 4 = AVRIBLIC K D U Ry
—ILDERL

2 — 3 RAPEEEA NNV — L 57 DARR L et
ARFSECRASE LT UG %
ISHAL, L0oSg I gRmE
PR L= b Ny — L3
BOERIZHED AT,
DI, BxlEAF I o
RAT 4 = AbE S WEE
—#IEH >V T, 43N Friedel-Crafts SO IZ LY
TI)REE2O(8THEVRVY [a,hl| T T VH
BIK6(H L) AL, TONFEMEZHHE L, Y K
MZeCid, 4731 &¥a—Revz=12z %M
WTC 2T CHEBERIL LYY T b T UipE
K3z DERERATZLE ZAH, 36% OUWRTHER LT
DERIDBE DI (K 3), VT, fFbivi 3212
1,10-7 =7F> b U, KOBu, h~LxTrZiz T
B (Amax = 390 nm) & FREH9 5 & —BE R ITERRH L
TART 4 = ABO G FNERILDBET L, A 55k
TN — )b 5z % 58% DWE Tz, ZIZTHEKL
7o 5z I~V B RO TSI H R L CEAME R
HELTEY, BT 7 oo 2% o ~OgE L &L,
eV TR P CONEFREDOFTIA b FEh L7z,

Ar = 4-BuCgH,




Ar,N—==—P(0)Ph, [PdCl(allyl)]; (5.0 mol%) Ar:N  P(O)Ph, i " -
1b 24 e quiv) P(o-tolyl)s (20 mol%) UV-Vis abs.
KHCO; (8.0 equiv) Aabs (nM) (£)° Jem (nM) (@)°

DMF, 100°C,20h Q QQO 5z 420 (1.99), 445 (2.11) 461, 488 (0.32)
m 32z (36%) 6° 406 (2.07), 440 (1.39) 482, 496 (0.83)
Phy(O)F  NAr,

21n CH,CI, (1.0 x 1073 M). ? In CH,CI, (1.0 x 10~6 M).
¢ Values in 10* M~-cm™. 9 Absolute fluorescence
quantum yield. € Previously reported data in Ref. 4.

X 4: SAFREI VANV =)L 52 BLOSBREELET 2
v 6 DR

22 (0.5 mmol) | Bu

1,10-phen (60 mol%)é O
‘BuOK (6.0 equiv) Q
—_—

toluene, rt, 20 h

390 nm LED 5z (58%) NAr 3. FTLH-SHRDEE

ARFFETIX, BAT 4= VEEER LA T I8
awkt7:ﬁw@ﬁﬁ%m,m<%%%Ff®éﬁ
FIBILERE LA R 7 ¢ = VB TN I
RS NN = EEK LT, 4RI L/t 5z

TIEMELRFORCFENRE SR TEBY, 5%
Oy V% AR AT 0 L CREREMER B O BRSE & H R
L7z, EmiETIE, A7 3 o—E TR & RH
LIz 7GR OB ICHLEFLTEY, A
SUERERSAE LTIREWVE#BER LG E BIEERT
E D HERROBRFERL, MEREEL S —XE LTAHH
TRHEREME Y T DA EIT > T D,

‘Bu

EEBELE A AT 4 = AR O 28 E L
T XA YERE I VR — )L 5z DEFR

BBIZ, 52 DY 7 o A X U HRTONFERM A R
L, LLAfi ’Aﬁbf:%fﬂ%*ﬁkT“ V6 LHE LT,
ZOFER, 6 1% 370~460nm (2T THEILWIRIL A~
MBESLNT=DIIZK L, 52 15 420nm & 445nm (2 2
DO Y ¥ =T R AT MARFLNT (K 4),
AT FLTHRBEIZ, 61X 450~550nm (237>
TIREWARZ ML THDHZ LICER L THBZF]
EHORENED T THDHOIZH L, 521F 461 nm Z 5K
ELTIREIMEEZ B0y vy — T RAXT ML THY,
HOMEOEWRERHFEEZ AL TNWD Z 2R L,
ZOHEMNG, AL TH A RIEZ B Lz 8o
JEER I VR — VB2 0y TS 2 b D, EES
RN EE LCHIETE D 2D, ABIEHTER
My — X LCTHIERAT 2 TETH D,

4. ABEIZEEE L3R EE

Y. Okuda, T. Sato, S. Takebe, M. Mori, M. Fujimoto, K.
Masuda, T. Sabato, K. Wakamatsu, H. Akashi, A. Orita, J.
Org. Chem. 2024, 89, 7747.
MAMEETETRLOLE2—THY, ERFERS
MERICIIFABONE LG ATV D,

5. XRERIE
5—1 =
ABFFE T, AAE 18 INM-ECZ400S (*H: 400
MHz, 3C: 101 MHz) %\ 7= NMR #IE, 7V h—%k
# autoflex speed (MALDI-TOF %) % H 7= &40 fRAEE
FAHT, Rigaku #-5 VariMax with Saturn % V72 X R
FEERARE AT 21T o 7o, 2D OFEENE, [ILEEK
0 4ﬁmeJW 500 FRAEMERE Y —ICEREINTEY, §ToT—
BRI B AR TIT o 12, SRAMFATIRIRIL A~ M Vid A
— ARGt V-650, B AT R VIE A AR At FP-
—s 6500 TENEN lem ODABALZFHLTCY 7 oo A
H U CRIE Uz, s B IR AR b =2 At
#1.C9920-02 ZAWVTHIE L7z, T X CTOREKIITIN
xEHNTEY, FRZa A N LARWRD ITERIEE
AT 2 TR,

=57

—

£ (x104M-lecm1)

UV-Vis abs.

0.0

b
r

Photoluminescent intensity

N
o
S

450 500 550 600 650
wavelength (nm) 5—292 /El\ﬁjzj;o- J: (ﬁzﬁuﬁiﬂ%‘_ 57
Synthesis of 1-diphenylamino-2-
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(diphenylphosphinyl)ethyne (1a) [Procedure A], CAS
RN [54098-24-7].1

To a 300 mL of two-neck round-bottomed flask charged
with a magnetic stirrer bar, were successively added 1-
bromo-2-(diphenylphosphinyl)ethyne (12.20 g, 40 mmol),
diphenylamine (8.12 g, 48 mmol, 1.2 equiv), K3PO4 (25.47
g, 120 mmol, 3.0 equiv) and dehydrated toluene (160 mL).
After the mixture was stirred at 80 °C for 15 h in an oil bath,
the reaction was quenched with 40 mL of saturated NH4Cl
aq., and the product was extracted with EtOAc and water,
then dried over MgSOs4. The crude product was purified by
flash chromatography (hexane/EtOAc, 1 : 1) to afford the
corresponding phosphinyl ynamine la (12.13 g, white
powder) in 77% yield. '"H NMR (CDCl3, 400 MHz, rt): J
7.91-7.85 (m, 4H), 7.54-7.49 (m, 2H), 7.48-7.43 (m, 4H),
7.36 (t, 4H, J= 7.8 Hz), 7.27-7.24 (m, 4H), 7.20 (t, 2H, J =
7.4 Hz).

1-[Di(4-tert-butylphenyl)amino]-2-(diphenylphosphinyl)
ethyne (1b).?

Prepared from 1-bromo-2-(diphenylphosphinyl)ethyne
and di(4-tert-butylphenyl)amine by following the procedure
A and isolated by flash chromatography (hexane/EtOAc, 1 :
1). Yield was 71% (3.590 g, 10 mmol scale, white powder).
"H NMR (CDCl3, 400 MHz, rt): 6 7.91-7.86 (m, 4H), 7.49—
7.43 (m, 6H), 7.35 (d, 4H, J=8.4 Hz), 7.18 (d, 4H, J=8.8
Hz), 1.31 (s, 18H).

Synthesis of
[Procedure B], CAS RN [18937-93-4].
To a 100 mL of two-neck round-bottomed flask charged

1-(2-iodophenyl)naphthalene  (2b)

with a magnetic stirrer bar, were successively added 2-
iodoaniline (2.190 g, 10 mmol), 1-naphthaleneboronic acid
(2.064 g, 12 mmol, 1.2 equiv), PdCI2(PPhs)2 (140 mg, 0.2
mmol, 2.0 mol%), K2COs3 (5.528 g, 40 mmol, 4.0 equiv),
1,2-dimethoxyethane (DME, 50 mL) and water (10 mL).
After the mixture was stirred at 80 °C for 24 h in an oil bath,
the reaction was quenched with 10 mL of saturated NH4Cl
aq., and the product was extracted with EtOAc and water,
then dried over MgSO4. The crude product was purified by
flash chromatography (hexane/EtOAc, 10 : 1) to afford 2-
(naphthalen-1-yl)aniline (2.030 g, yellow powder) in 93%
yield.

The obtained product was successively treated with p-
toluenesulfonic acid monohydrate (5.284 g, 27.78 mmol, 3.0
equiv) in acetonitrile (18.5 mL) at 0 °C for 5 min, and KI
(4.611 g, 27.78 mmol, 3.0 equiv) in H20 (9.3 mL) was added
and vigorously stirred. After that, NaNO2 (1.278 g, 18.52
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mmol, 2.0 equiv) in H20 (9.3 mL) was added dropwise and
stirred for 5 min in the ice water bath, then slowly warmed
up to room temperature and stirred for 3 h. The reaction was
quenched with 10 mL of Na2S203 aq., and the product was
extracted with EtOAc and water, then dried over MgSOa.
The crude product was purified by flash chromatography
(hexane/CH2CL,, 20 1) afford  1-(2-
iodophenyl)naphthalene (1.685 g, white solid) in 55% yield.
"H NMR (CDCl3, 400 MHz, rt): 6 8.01 (dd, 1H, J=8.0,1.2
Hz), 791 (d, 2H, J = 8.4 Hz), 7.56-7.40 (m, 5H), 7.36-7.31
(m, 2H), 7.13 (td, 1H, J=7.7, 1.9 Hz).

to

2,2"-Diiodo-1,1';4',1"-terphenyl (2z), CAS RN [95919-
09-8].

Prepared from 2-aminophenylboronic acid pinacol ester
(2.1
procedure B of the first Suzuki-Miyaura coupling and
isolated by flash chromatography (hexane/EtOAc, 10 : 1) in
66% (0.519 g, 3.0 mmol scale). And the subsequent

Sandmeyer reaction was also conducted by following

equiv) and 1,4-diiodobenzene by following the

procedure B,
(hexane/CH2Clz, 10 : 1) in 43% yield (0.414 g, white solid).
"H NMR (CDCl3, 400 MHz, rt): § 7.98 (d, 2H, J = 8.0 Hz),
7.44-7.38 (m, 8H), 7.07-7.03 (m, 2H).

and isolated by flash chromatography

of
(diphenylphosphinyl)phenanthrene (3a) [Procedure C].

Synthesis 9-diphenylamino-10-

To a 20 mL of Schlenk tube charged with a magnetic
stirrer bar, were successively added 1-diphenylamino-2-
(diphenylphosphinyl)ethyne (1a, 393 mg, 1.0 mmol), 2-
336 mg,
allylpalladium(II) chloride dimer (9.1 mg, 0.025 mmol, 2.5
mol%), tri(o-tolyl)phosphine (30.4 mg, 0.10 mmol, 10
mol%), KHCOs (400 mg, 4.0 mmol, 4.0 equiv), and
dehydrated DMF (10 mL). After the mixture was stirred at
100 °C for 20 h in a heating block, the reaction was quenched
with 10 mL of saturated NH4Cl aq., and the product was
extracted with hexane/EtOAc (1 : 4) and water, then dried
over MgSOas. The crude product was purified by flash
1) to afford 9-
diphenylamino-10-(diphenylphosphinyl) phenanthrene (3a)

iodobiphenyl (2a, 1.2 mmol, 1.2 equiv),

chromatography (hexane/EtOAc, 1

(398 mg, yellow powder) in 73% referential yield (attention:
a small amount of solvent was remained). Despite our efforts
to isolate 3 in pure form, complete removal of solvent was
unfortunately not achieved. Therefore, we only checked 'H
NMR of the intermediate and calculated the yield for future
We

thermal/photochemical process-controlled chemodivergent

reference. subsequently performed a



dephosphinylation. 'H NMR (CDCl3, 400 MHz, rt): 6 8.73
(d, 1H, J=17.6 Hz), 8.71 (d, 1H, J = 8.4 Hz), 8.50 (d, 1H, J
=8.8 Hz), 7.96 (d, 1H, J= 8.2 Hz), 7.67 (t, 1H, J=7.7 Hz),
7.58 (t, 1H, J="7.7 Hz), 7.41-7.28 (m, 8H), 7.13 (td, 4H, J
=17.6,2.9 Hz), 7.02 (t, 4H, J = 8.0 Hz), 6.88 (d, 4H, J=8.0
Hz), 6.78 (t, 2H, J= 7.6 Hz).

5-Diphenylamino-6-

(diphenylphosphinyl)benzo[c]phenanthrene (3b).
Prepared from 1-diphenylamino-2-

(1a) 1-(2-

iodophenyl)naphthalene (2b) by following the procedure C

(diphenylphosphinyl)ethyne and
and purified by flash chromatography (EtOAc/hexane, 1 : 1).
Referential yield was 71% (423 mg, 1.0 mmol scale, yellow
solid, attention: a small amount of solvent was remained).
"H NMR (CDCl3, 400 MHz, rt): 4 9.01 (d, 1H, J = 8.4 Hz),
8.95 (d, 1H, J = 8.0 Hz), 8.40 (d, 1H, J = 8.4 Hz), 8.07 (d,
1H,J=8.0Hz), 7.89 (d, 1H, J=7.2 Hz), 7.67-7.61 (m, 3H),
7.55 (d, 1H, J = 8.8 Hz), 7.44-7.27 (m, 7H), 7.15-7.11 (m,
4H), 7.03 (t, 4H, J= 7.8 Hz), 6.88 (d, 4H, J = 8.0 Hz), 6.79
(t,2H, J=17.2 Hz).

9-Diphenylphosphinyl-10-[phenyl(4-tolyl)amino]-
phenanthrene (3c).

Prepared from 1-(4-methyldiphenylamino)-2-
(diphenylphosphinyl)ethyne (1¢) and 2-iodobipehyl (2a) by
following the procedure C and purified by flash
chromatography (EtOAc/hexane, 1 : 1). Referential yield
was 61% (341 mg, 1.0 mmol scale, yellow solid, attention:
a small amount of solvent was remained). '"H NMR (CDCl3,
400 MHz, rt): 6 8.72 (d, 1H, J=7.6 Hz), 8.70 (d, 1H, J= 8.4
Hz), 8.49 (d, 1H, J= 8.4 Hz), 7.96 (d, 1H, J = 8.0 Hz), 7.66
(td, 1H,J=7.4, 1.1 Hz), 7.57 (td, 1H, J=7.7, 1.1 Hz), 7.41—
7.28 (m, 8H), 7.17-7.09 (m, 4H), 7.01-6.97 (m, 2H), 6.86—

6.73 (m, 7H), 2.18 (s, 3H).

9-Diphenylamino-10-diphenylphosphinyl-2-(methoxy)
phenanthrene (3d).

Prepared from 1-diphenylamino-2-
(diphenylphosphinyl)ethyne (1a) and 2-iodo-4'-methoxy-
1,1'-biphenyl (2¢) by following the procedure C and purified
by flash chromatography (EtOAc/hexane, 1 : 1). Referential
yield was 71% (423 mg, 1.0 mmol scale, yellow solid,
attention: a small amount of solvent was remained). 'H
NMR (CDCls, 400 MHz, rt): ¢ 8.62—-8.57 (m, 2H), 7.96 (d,
1H,J=1.6Hz),7.92 (d, |H,J=8.4Hz),7.62 (t, IH,J=7.4
Hz), 7.39-7.29 (m, 7H), 7.22-7.12 (m, 5H), 7.03 (t, 4H, J =
8.0 Hz), 6.87 (d, 4H, J = 7.6 Hz), 6.79 (t, 2H, J = 7.2 Hz),
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3.44 (s, 3H).

9-Diphenylamino-10-diphenylphosphinyl-2-
(trifluoromethyl) phenanthrene (3e).

Prepared from 1-diphenylamino-2-
(diphenylphosphinyl)ethyne (1a) and 2-iodo-4'-
triluoromethyl-1,1'-biphenyl (2e) by following the
procedure C and purified by flash chromatography

(EtOAc/hexane, 1 : 1). Referential yield was 23% (139 mg,
1.0 mmol scale, yellow solid, attention: a small amount of
solvent was remained). '"H NMR (CDCls, 400 MHz, rt): §
8.78 (d, 1H, J= 8.4 Hz), 8.73 (d, 1H, J = 8.4 Hz), 8.72 (s,
1H), 8.03 (d, 1H, J = 8.0 Hz), 7.74-7.70 (m, 2H), 7.48 (td,
1H, J = 7.8, 0.8 Hz), 7.39-7.31 (m, 6H), 7.17 (td, 4H, J =
7.6, 3.2 Hz), 7.04 (t, 4H, J = 7.8 Hz), 6.91 (d, 4H, J= 7.6
Hz), 6.80 (t, 2H, J = 7.2 Hz). ’F{'H} NMR (CDCls, 376
MHz): 6 -108.4.

Thermal dephosphinylation of 3a to synthesize 9-
(diphenylamino)phenanthrene (4a) [Procedure D], CAS
RN [136455-03-3].

To a 20 mL of Schlenk tube charged with a magnetic
stirrer bar, were successively added 9-diphenylamino-10-
(diphenylphosphinyl)phenanthrene (3a, 81 mg, 0.15 mmol),
potassium zert-butoxide (50 mg, 0.45 mmol, 3.0 equiv),
1,10-phenanthroline (13.5 mg, 0.075 mmol, 50 mol%), and
dehydrated 1,4-dioxane (1.5 mL). After the mixture was
stirred at 100 °C for 15 h in a heating block, the reaction was
quenched with 3 mL of saturated NH4Cl aq., and the product
was extracted with EtOAc and water, then dried over MgSOa.
The crude product was purified by flash chromatography
(hexane/CH2Cla, 10 1) afford 9-
(diphenylamino)phenanthrene (4a) (70 mg, white powder)
in 86% yield. "H NMR (CDCl3, 400 MHz, rt): 6 8.73 (d, 1H,
J=28.0 Hz), 8.69 (d, IH, J = 8.0 Hz), 8.05 (d, IH, J=8.2
Hz), 7.75 (dd, 1H, J=7.8, 1.4 Hz), 7.64 (t, 2H, J = 7.4 Hz),
7.60 (s, 1H), 7.56 (t, |H, J=7.4Hz), 7.47 (t, 1H, J=7.7 Hz),
7.20 (t,4H, J=8.0 Hz), 7.10 (d, 4H, J=7.6 Hz), 6.94 (t, 2H,
J =74 Hz). BC{'H} NMR (CDCl3, 101 MHz): § 148.4,
142.3,132.6, 132.3, 130.6, 129.5,129.3, 128.4, 127.8, 127.1,
127.00, 126.97, 126.6, 125.2, 123.2, 122.7, 122.0, 121.9.

to

to

(52)

Photochemical  dephosphinylative cyclization
synthesize  9-phenyl-9H-dibenzo|a,c]carbazole
[Procedure E], CAS RN [54880-08-9].

To a 20 mL of Schlenk tube (borosilicate grass) charged
with a magnetic stirrer bar, were successively added 9-

diphenylamino-10-(diphenylphosphinyl)phenanthrene (3a,



273 mg, 0.5 mmol), potassium fert-butoxide (168 mg, 1.5
mmol, 3.0 equiv), 1,10-phenanthroline (27 mg, 0.15 mmol,
30 mol%), and dehydrated 1,4-dioxane (5.0 mL). After the
mixture was stirred and irradiated with a 390 nm LED
(approx. 52 W, Kessil PR160L-390) at ~3 c¢m distance. The
reaction was quenched with 5 mL of saturated NH4Cl aq.,
and the product was extracted with EtOAc and water, then
dried over MgSOa4. The crude product was purified by flash
: 1) to 9-phenyl-9H-
dibenzo[a,c]carbazole (5a) (156 mg, white powder) in 91%
yield. 'TH NMR (CDCl3, 400 MHz, 1t): § 8.94 (d, 1H, J=17.2
Hz), 8.81-8.78 (m, 2H), 8.65 (d, 1H, J=7.6 Hz), 7.79 (t, 1 H,
J=17.5Hz), 7.68-7.59 (m, 4H), 7.57-7.51 (m, 3H), 7.47 (d,
1H, J=8.0 Hz), 7.45-7.35 (m, 2H), 7.27 (t, I1H, J= 7.6 Hz),
7.21(d, 1H, J=7.6 Hz). BC{'H} NMR (CDCls, 101 MHz):
0 142.3, 140.4, 134.7, 131.0, 130.3, 130.0, 129.2, 129.0,
127.53, 127.48, 126.0, 125.8, 124.2, 124.1, 123.9, 123.7,
123.4,121.8,121.2, 114.4, 111.1 (2 carbon signals were not

detected due to an occasion of overlapping).

chromatography (hexane/EtOAc, 1

2-Methoxy-9-phenyl-9H-dibenzo[a,c]carbazole (5b).

The obtained 10-diphenylamino-9-diphenylphosphinyl-
7-(methoxy)phenanthrene was treated with KO'Bu/1,10-
phen by following the procedure E (photochemical
dephosphinylative cyclization) and isolated by flash
chromatography (hexane/EtOAc, 20 : 1). Yield was 86%
(84.2 mg, 0.261 mmol scale, white solid). 'H NMR (CDCl3,
400 MHz, rt): 6 8.71 (d, 2H, J=8.8 Hz), 8.59 (d, 1H, J=8.4
Hz), 8.32 (d, 1H, J=2.4 Hz), 7.70-7.64 (m, 3H), 7.55-7.52
(m, 3H), 7.45-7.37 (m, 3H), 7.25-7.19 (m, 3H), 4.14 (s, 3H).
BC{'H} NMR (CDCls, 101 MHz): § 159.2, 142.2, 140.3,
135.1,131.3,131.1, 130.3, 129.2, 129.0, 125.9, 125.2, 125.0,
124.0, 123.9, 123.41, 123.36, 122.2, 121.6, 121.4, 121.1,
114.0, 113.3, 111.1, 105.7, 56.6. HRMS (MALDI-TOF) m/z
[M]" Calcd for C27H19NO 373.1497; Found 373.1472.

9-Phenyl-2-trifluoromethyl-9 H-dibenzo[a,c]carbazole
(5¢).

The obtained 10-diphenylamino-9-diphenylphosphinyl-
7-(trifluoromethyl)phenanthrene ~ was with
KO'Bu/1,10-phen the E
(photochemical dephosphinylative cyclization) and isolated
by flash chromatography (hexane/CH2Clz, 10 : 1). Yield was
63% (29.6 mg, 0.114 mmol scale, white solid). 'H NMR
(CDCls, 400 MHz, rt):  9.16 (s, 1H), 8.85 (d, 1H, J = 8.0
Hz), 8.78 (d, 1H, J=8.0 Hz), 8.59 (d, 1H, J= 7.6 Hz), 7.79
(d, 1H, J= 8.4 Hz), 7.66 (s, br, 3H), 7.58 (t, |H, J= 7.6 Hz),
7.51-7.45 (m, 4H), 7.41 (t, 1H, J= 7.4 Hz), 7.32 (t, 1H, J=

treated

by following procedure

038

7.8 Hz), 7.21 (d, 1H, J = 7.6 Hz). BC{'H} NMR (CDCls,
101 MHz): ¢ 142.2, 140.0, 135.1, 135.1, 130.5, 130.1, 129.5,
129.3,129.2,128.9, 127.1, 126.3, 124.6, 124.4, 124.0, 123.5,
123.4,121.7,121.5,121.0 (d, /= 4.8 Hz), 119.9 (d, J=3.8
Hz), 114.0, 111.3 (2 carbon signals were not detected due to
an occasion of overlapping). ’F{'H} NMR (CDCls, 376
MHz): 6 —62.3. HRMS (MALDI-TOF) m/z [M]* Calcd for
C27H16F3N 411.1235; Found 411.1242.

10-Phenyl-10H-benzo[a]benzo|4,5]thieno[2,3-
c]carbazole (5d), CAS RN [2101606-77-1].

The
(diphenylphosphinyl)benzo[b]naphtho[2,1-d]thiophene was
treated with KO'Bu/1,10-phen by following the procedure E
(photochemical dephosphinylative cyclization) and isolated
by flash chromatography (hexane/CH2Clz, 10: 1). Yield was
59% (8.7 mg, 0.0366 mmol scale, white solid). 'H NMR
(CDCls, 400 MHz, rt): 6 9.20 (d, 1H, J = 8.4 Hz), 8.95-8.93
(m, 1H), 8.25 (d, 1H, J = 8.4 Hz), 8.07 (d, 1H, J = 8.0 Hz),
7.72-7.62 (m, 4H), 7.57-7.51 (m, 4H), 7.48-7.42 (m, 3H),
7.27-7.22 (m, 2H). BC{'H} NMR (CDCl;, 101 MHz): &
142.2,140.4,139.5, 137.4, 135.5, 132.3, 130.5, 129.4, 129.2,
128.8, 128.4, 125.9, 125.73, 125.69, 125.6, 125.1, 124.8,
124.1,123.5,123.2,123.0, 122.6,121.7, 120.2, 115.8, 111.0.
HRMS (MALDI-TOF) m/z [M]* Caled for CasHi7NS
399.1082; Found 399.1094.

obtained 5-diphenylamino-6-

9-(p-Tolyl)-9H-dibenzo[a,c|carbazole (5¢) and 12-Methyl-
9-phenyl-9H-dibenzo[a,c]carbazole (5¢”).

The  obtained  9-diphenylphosphinyl-10-[phenyl(4-
methylphenyl)amino]phenanthrene ~ was  treated  with
KO'Bu/1,10-phen the E
(photochemical dephosphinylative cyclization) and isolated
by flash chromatography (hexane/CH2Cl2, 10 : 1). Yield was
93% (166 mg, 0.50 mmol scale, 5e : 5¢’ = 0.59 : 1.0, white
solid). "H NMR (CDCls, 400 MHz, t): 6 8.94 (d, J= 8.4 Hz,
Se and 5e”), 8.82-8.79 (m, 5e and 5e’), 8.65 (d, 1H of 5¢’, J
= 8.0 Hz), 8.45 (s, 1H of Se), 7.82-7.77 (m, Se and 5e”),
7.68-7.60 (m, Se and 5e’), 7.57-7.50 (m, Se and Se”), 7.48—
7.44 (m, 5e and 5e’), 7.42-7.36 (m, Se and 5e’), 7.32-7.25
(m, 5e and 5¢”), 7.21 (d, J= 8.0 Hz, 5e and 5¢°), 7.11 (d, 1H
of Se, J = 8.0 Hz), 2.65 (s, 3H of 5e), 2.58 (s, 3H of 5¢’).
BC{'H} NMR (CDCls, 101 MHz): 6 139.0, 137.6, 131.0,
130.5,130.3, 130.1, 129.2, 129.0, 127.5, 126.0, 125.8, 125.7,
125.6,124.0,123.7,123.4,121.8,121.7,121.1, 114.2, 111.2,
110.8,22.0,21.6. HRMS (MALDI-TOF) m/z [M]" Calcd for
Ca7H19N 357.1517; Found 357.1509.

by following procedure



9-(4-Methoxyphenyl)-12-methyl-9H-dibenzo|a,c]
carbazole (51).
The obtained
(diphenylphosphinyl) phenanthrene was
KOBu/1,10-phen
(photochemical dephosphinylative cyclization) and isolated
by flash chromatography (hexane/EtOAc, 10 : 1). Yield was
86% (167 mg, 0.50 mmol scale, white solid). 'H NMR
(CDCIs, 400 MHz, rt): 6 8.93 (d, 1H, J = 7.2 Hz), 8.80 (d,
1H, J=17.6 Hz), 8.79 (d, 1H, J = 8.4 Hz), 8.44 (s, 1H), 7.80
(td, 1H,J=17.6, 1.2 Hz), 7.61 (td, 1H, J=7.7, 1.2 Hz), 7.58—
7.54 (m, 2H), 7.43 (d, 2H, J=8.8 Hz), 7.30 (td, 1H, J=7.8,
0.9 Hz), 7.21 (d, I1H, J=9.2 Hz), 7.16 (d, 2H, J = 9.2 Hz),
7.09 (d, 1H, J = 8.4 Hz), 3.98 (s, 3H), 2.65 (s, 3H). 3C{'H}
NMR (CDCls, 101 MHz): ¢ 159.8, 141.0, 134.9, 133.0,
130.9, 130.4, 130.25, 130.21, 127.4, 127.3, 126.0, 125.7,
125.5, 123.91, 123.86, 123.65, 123.57, 123.2, 121.7, 1154,
113.8, 110.8, 55.8, 22.0. HRMS (MALDI-TOF) m/z [M]*
Calcd for C2sH21NO 387.1623; Found 387.1639.

10-[(4-methoxyphenyl)(p-tolyl)amino]-9-
treated with

by following the procedure E

dicarbazole 5z via
5,12-Bis[bis(tert-

Synthesis of @-expanded

photochemical cyclization,
butylphenyl)amino]-6,13-
(diphenylphosphinyl)dibenz|a,s]anthracene (3z).
Prepared from 1-diphenylamino-2-
(diphenylphosphinyl)ethyne (1a, 2.4 equiv) and 2,2"-diiodo-
1,14',1"-terphenyl (2z), 5.0 mol% of [PdCl(allyl)]2, 20
mol% of P(o-tolyl)s, and 8.0 equiv of KHCO3 by following
the procedure C and purified by flash chromatography
(EtOAC/CH2Cl, 1 : 1) and recrystallization
(CH2Clo/hexane). Referential yield was 36% (223 mg, 0.5
mmol scale, red solid, attention: a small amount of solvent
was remained). 'H NMR (CDCls, 400 MHz, rt): 6 9.88 (s,
2H), 8.13(d, 2H, J= 8.4 Hz), 7.90 (d, 2H, J = 8.4 Hz), 7.49—
7.42 (m, 10H), 7.33-7.26 (m, 6H), 7.14 (td, 8H, J=7.4,2.5
Hz), 7.01 (d, 8H, J = 8.8 Hz), 6.78 (d, 8H, J=9.2 Hz), 1.23
(s, 36H). BC{'H} NMR (CDCls, 101 MHz) § 147.6, 143.7
(d, J=22.2 Hz), 135.0 (d, J= 105 Hz), 134.8, 131.6 (d, /=
10.7 Hz), 131.2, 130.5, 130.4, 130.3, 130.2, 129.8, 129.1,
128.85, 128.77, 128.1 (d, J = 12.6 Hz), 127.9, 127.6, 125.3,
125.11, 125.06, 123.9, 119.8, 34.2, 31.6. *'P{'H} NMR
(CDCl3, 162 MHz): 6 28.8. HRMS (MALDI-TOF) m/z [M]*

Calcd for CgsHg2N202P2 1236.5852; Found 1236.5887.

n-Expanded dicarbazole 5z.

The obtained 5,12-bis[bis(tert-butylphenyl)amino]-6,13-
(3z) was
treated with KO'Bu (8.0 equiv)/1,10-phen (60 mol%),

(diphenylphosphinyl)dibenz[a, #]anthracene

toluene was used as solvent instead of 1,4-dioxane, by

following the procedure E (photochemical
dephosphinylative cyclization) and isolated by flash
chromatography  (hexane/CH2Cl,, 1 : 1) and
recrystallization (CH2Clz/hexane). Yield was 58% (96.6 mg,
0.20 mmol scale, yellow solid). "H NMR (CDCls, 400 MHz,
rt): 6 10.38 (s, 2H), 9.18 (d, 2H, J = 8.4 Hz), 9.02 (s, 2H),
7.73-7.68 (m, 6H), 7.58-7.50 (m, 8H), 7.36 (t, 2H, J = 7.2
Hz), 7.23 (d, 2H, J = 8.0 Hz), 1.65 (s, 18H), 1.51 (s, 18H).
BC{'H} NMR (CHCI3, 101 MHz, 60 °C): no signal was
observed due to its poor solubility. HRMS (MALDI-TOF)

m/z [M]* Calcd for Ce2HeoN2 832.4756; Found 832.4751.
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Figure S1. ORTEP drawing of 3b at 50% ellipsoid
probability (CCDC 2325742).
Single crystals of 3b were obtained by slow evaporation of

solution of 20 mg of 3b in 3 mL of chloroform.

Table S1. Crystal data and structure refinement for 3b.

Empirical formula CyH3NOP
Formula weight 595.64
Temperature/K 93

Crystal system monoclinic
Space group P2i/n

a/A 11.8774(5)
b/A 23.1929(6)
c/A 12.0217(4)
a/° 90

p/° 117.722(5)
v/° 90
Volume/A3 2931.5(2)
V4 4

Pealeg/cm’ 1.350
wmm- 0.132
F(000) 1248.0
Crystal size/mm? 0.21 x 0.18 x 0.05
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Radiation MoKa (A=0.71073)
20 range for data collection/° 4.212 to 63.204

Index ranges -16<h<17,-34<k<32,-17<1<16
Reflections collected 56878

Independent reflections 9388 [Rint = 0.0573, Rgigma = 0.0483]
Data/restraints/parameters 9388/0/406

Goodness-of-fit on F? 1.022

Final R indexes [[>=2c6 (I)] R;=10.0506, wR, =0.1078
Final R indexes [all data] R;=0.0770, wR,=0.1183
Largest diff. peak/hole / e A 0.45/-0.38

Figure S3. ORTEP drawing of S5f at 50% ellipsoid
probability (CCDC 2325750).
Single crystals of S5f were obtained by slow evaporation of

solution of 20 mg of 5f in 5 mL of chloroform.

Table S3. Crystal data and structure refinement for 5f.

Empirical formula CysHy 1 NO
Formula weight 387.46
Temperature/K 293(2)
) o Crystal system monoclinic
Figure S2. ORTEP drawing of Sa at 50% ellipsoid Space group P2,/n
probability (CCDC 2325749). a/A 12.2754(2)
Single crystals of 5a were obtained by slow evaporation of b// /AX ; '7g§(1)0(10)
[¢ 7.0315(5
solution of 20 mg of 5a in 5 mL of chloroform. o° 90 ©)
p/e 90.173(2)
Table S2. Crystal data and structure refinement for 5a. /e 90
3
Empirical formula CyH 7N Volume/A 1894.03(6)
Formula weight 343.40 z , 4
Temperature/K 293(2) Peatctt/ c]m 1.359
Crystal system monoclinic p/mm 0.082
Space group C2/c F(000) 816.0
JA 25.5093(5) Crystal size/mm® 0.15x 0.1 x 0.05
c/A 24.0827(5) 20 range for data collection/® 3.014 to 63.062
o° 90 Index ranges -17<h<17,-8<k<8,-39<1<38
B/o 108560(2) Reflections collected 33444
y/° 90 Independent reflections 6028 [Rin = 0.0482, Rgigma = 0.0225]
Volume/A3 3395.11(12) Data/restraints/parameters 6028/0/273
7 8 Goodness-of-fit on F? 1.090
Peacg/cm’ 1344 Final R indexes [[>=20 (I)] R;=0.0461, wR,=0.1301
wmm'! 0.078 Final R indexes [all data] R1=0.0492, wR2 =0.1350
F(OOO) 1440.0 Largest diff. peak/hole /e A-3 0.54/-0.31
Crystal size/mm? 0.15x0.1 x 0.05
Radiation . MoKa (A= 0.71073) 6. SEXW
26 range for data collection/* 3.568 to 63.142 1) Y. Okuda, T. Seo, Y. Shigezane, H. Watanabe, H. Akashi,
Index ranges -37<h<37,-8<k<8,-34<1<35 ]
Reflections collected 29715 T. Iwanaga, A. Orita, Chem. Lett. 2019, 48, 1484.
Independent reflections 5399 [Rin = 0.0592, Rgigma = 0.0278] 2) R. C. Larock, M. J. Doty, Q. Tian, J. M. Zenner, J. Org.
Data/restraints/paramzeters 5399/0/244 Chem. 1997, 62, 7536.
Goodness-of-fit on F 1.031
Final R indexes [I5=26 (I)] R, = 0.0471, wR, = 0.1287 3)Z. Xu, L. Gao, L. Wang, M. Gong, W. Wang, R.Yuan, ACS
Final R indexes [all data] R, =0.0497, wR, = 0.1318 Catal. 2015, 5, 45.
Largest diff. peak/hole / ¢ A 0.43/-0.24 4)Y. Okuda, M. Fujimoto, H. Akashi, A. Orita, J. Org. Chem.

2021, 86, 17651.
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Chemodivergent Synthesis of Polycyclic Aromatic Carbazoles via

Dephosphinylative Photocyclization of Amino(phosphinyl)arenes

Yasuhiro Okuda*, Takuma Sato®, Sou Takebe®), Matsuri Mori®, Ami Ishizuka® and

Akihiro Orital*

1) Department of Applied Chemistry, Faculty of Engineering, Okayama University of Science, 1-1 Ridai-cho, Kita-ku,
Okayama 700-0005, Japan,
2) Department of Applied Chemistry, Graduate School of Engineering, Okayama University of Science, 1-1 Ridai-cho,
Kita-ku, Okayama 700-0005, Japan
3) Department of Applied Chemistry and Biotechnology, Faculty of Engineering, Okayama University of Science, 1-1
Ridai-cho, Kita-ku, Okayama 700-0005, Japan

A chemodivergent synthesis of polycyclic aromatic diarylamines and carbazoles was established by
employing thermally or photochemically controlled processes using KO’Bu/1,10-phenanthroline. The synthetic
processes involved the dephosphinylation of 9-amino-10-(phosphinyl)phenanthrenes which were obtained through
a regioselective palladium-catalyzed direct [4 + 2] benzannulation of phosphinyl ynamines with 2-iodobiphenyls.
When the dephosphinylation was conducted under heating conditions (~ 100 °C), it proceeded to yield 9-
aminophenanthrene. However, when the reaction was performed under the illumination of purple light (LEDs, Amax
= ca. 390 nm), KO'Bu/1,10-phenanthroline promoted a single-electron transfer-triggered dephosphinylation
followed by cyclization, producing the corresponding m-expanded carbazoles. We successfully synthesized a
highly n-expanded dicarbazole through a dual dephosphinylative cyclization. Additionally, we present the optical
properties of a series of amino compounds produced through the dephosphinylative processes.

Keywords: Dephosphinylation, Ynamine, Chemodivergent Synthesis, Photochemistry, Optical Property
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